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SUMMARY
At the onset of this thesis the aim was to design and develop 
an expression system capable of producing high levels of expression of 
carboxypeptidase (CPG2 ). The previous plasmid employed (pNM21) 
delivered relatively low and variable levels of CPG2 .
Plasmid segregational instability had been thought to be a 
potential cause of low yields of CPG2 . The affect of the par locus on 
the stability of a series of related plasmids was examined. The 
utilisation of par within a vector did enhance its stability and 
fitness when examined under continuous cultivation. The par locus was 
therefore considered to be of significant value to an expression 
vector.
The par locus subsequently became an integral feature 
incorporated into any vector to be constructed. The copy numbers of 
the series of plasmids examined for stability revealed that pUC8 
exhibited a higher copy number than pAT153. To investigate more fully 
this anomaly, a vector was constructed which provided the backbone for 
a series of cloning vectors (the pMTL series) and allowed the copy 
number variation to be examined. Sequencing pAT153 and pUC8 revealed a 
single base change, which could account for the copy number variation. 
The increase in copy number of pl)C8 over pAT153 was incorporated in the 
pMTL series of vectors.
The induced expression of CPG2 was investigated using the Pl 
promoter on a high copy number vector, exhibiting the aforementioned 
base change. Incomplete repression of the Pl promoter resulted when 
the c_I gene was located in the chromosome or on a co-resident low copy 
number vector. The high copy number of the vector and the Pl operator 
it carried, titrates out the effectiveness of the cl repressor 
molecule. This problem was overcome by incorporation of the £l gene 
into the Pl  expression vector, elevating the gene dosage of the cl_ 
gene, sufficient to repress the Pl  promoter.
The features investigated were combined in an expression 
vector pCMIO and used to express CPG2 in a series of small scale 
fermentations. The process was then scaled up to a 400 L fermentation, 
and a suitable process for large scale production developed.
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INTRODUCTION
1.1 Plasmids and Genetic Manipulation in E. coll
Plasmids are autonomous, extrachromosomal genetic elements 
found in a wide variety of Gram-positive and Gram-negative bacteria. 
Plasmids usually exist within cells as double stranded, covalently 
closed circular (ccc) DNA molecules (Clewell and Helinski, 1969). They 
range in aize from 1 kb to greater than 200 kb. Plasmids often confer 
a wide range of biological functions on the host cell, which can be 
used as phenotypic markers when selecting cells containing the plasmid. 
Plasmids may also specify the ability to transfer themselves from the 
host cell (donor) to a recipient cell by conjugation, which involves 
direct cell to cell contact. A method known as transformation, has 
been developed whereby naked plasmid DNA can be introduced into E. coli 
cells (Mandel and Higa, 1970; Cohen et al.. 1972). The new phenotype 
conferred on the recipient by the plasmid (e.g., resistance to an 
antibiotic) allows a simple method of selection of cells which have 
been successfully transformed.
Along with the ability to isolate and transform plasmid DNA 
from one bacteria strain to another, the discovery of site specific 
restriction endonucleases (Roberts, 1981), particularly type II enzymes 
(Smith and Wilcox, 1970), made it possible to manipulate DNA molecules 
in vitro. Type II enzymes cleave duplex DNA to produce fully double- 
stranded (flush or blunt-ended) termini or fragments with single- 
stranded, self complementary (cohesive or sticky-ended) termini. The 
restriction endonuclease EcoRl was shown to produce DNA molecules with 
cohesive termini after cleavage (Mertz and Davis, 1972) which could be 
reannealed by the use of E. coll polynucleotide ligase (Dugaiczyk et_
al.. 1975) and transformed into E. coli cells. Blunt-ended DNA 
fragments can also be joined by the use of T4 polynucleotide ligase 
(Heyneker e£ al.. 1976). Further methods for joining together DNA 
molecules have been developed. The enzyme terminal-deoxynucleotidyl 
transferase (Chang and Bollum, 1974) can be used to add 
homopolynucleotide tails to DNA fragments to be joined. After mixing 
and annealing such DNA molecules can then be used directly to transform 
E. coli where repair of single-stranded gaps occur ii> vivo (Hutchison 
and Halvorson, 1980). Synthetic DNA fragments (linkers) can also be 
used for linking together DNA molecules (Manlatis et al.. 1978).
1.2 Plasmids as Cloning Vectors in E. coli
To be useful as a cloning vector, a plasmid should possess 
several properties. It should have a low molecular weight, making the 
plasmid more resistant to damage by shearing and therefore easier to 
handle. Also a large number of plasmid copies should be present in 
the cell. High copy number plasmids, facilitate isolation and 
manipulation of the plasmid DNA. It should also carry one or more 
selectable markers to allow identification of transformants and to 
maintain the plasmid in the bacterial population. Another requirement 
of a cloning vector is that it contains a single recognition site for 
one or more restriction enzymes in regions of the plasmid that are not 
essential for replication. Preferably, these restriction sites, into 
which foreign DNA can be inserted, should be located within the genes 
coding for selectable markers so that insertion of a foreign DNA 
fragment Inactivates the gene. Finally, the cloning vector should 
exhibit a degree of stability, to overcome plasmid loss from a 
bacterial population in the absence of any selective pressure.
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Although some 'natural' plasmids have been used as cloning 
vectors most cloning experiments now make use of 'purpose-built' 
vectors which are themselves the product of in vitro gene 
manipulations. ColEl is a naturally occurring plasmid which is the 
progenitor of many of the cloning vectors used. pBR322 is one of the 
more widely known cloning vectors, utilising the ColEl replicón while 
substituting colicin El immunity and production (which are not 
convenient genetic markers) with the beta-lactamase (bla) and 
tetracycline resistance (tet) genes of RSF2124 and pSClOl respectively 
(Fig. 1.1) (Bolivar e£ al.. 1977a, b). pBR322 exhibits many of the 
qualities required by a successful cloning vector, a low molecular 
weight (2.6 MD), with a relatively high copy number of 30 copies per 
cell, containing bla and tet genes as genetic markers and a number of 
convenient restriction sites within these marker genes.
A whole generation of cloning vectors have developed from 
pBR322, improving on the basic requirements for a cloning vector 
achieved by pBR322. (for review see Baibas et .al., 1986). pAT153 was 
constructed by the removal of the Haell B and G fragments from pBR322, 
resulting in 3-fold increase in its copy number (Twigg and Sherratt, 
1980). This additional advantage of increased levels of plasmid 
content results in an increase in gene dosage of the plasmid specified 
gene products. A further extension to the usefulness of cloning 
vectors has been made by inserting polylinkers, containing closely 
spaced sites for several restriction enzymes, into non-essential 
regions of the vector (Davison et al.. 1984; Heusteraprente and
Davison, 1984; Heustersprente et^  al.. 1985). Another development of 
the cloning vector was made by Vieria and Messing (1982) who 
constructed the pUC plasmid series. A 2.30 kb Pvull. EcoRl fragment
The Origin of pBR322
The plasmid pBR322 was constructed from the his and tet penes of the 
trsnsposon Tnl from RSF2124 and pSClOl respectively, combined with 
replication elements of a ColF.l-like plasmid.
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from pBR322, provides the cloning vector with its replicon and the 
ampicillin resistance (ApR) antibiotic marker. In addition the pUC 
plasmids contain multiple restriction site polylinkers within the 
coding region of the alpha-peptide of the E. coli lacZ gene product 
(Langley e£ al., 1975). Cloning into the polylinker region results in 
inactivation of the lacZ', so that the plasmid in a suitable E. coli 
host produces white colonies on medium containing 5-bromo-4-chloro-3- 
indoyl-beta-D-galacto-pyranoside (X-Gal), in contrast to the parental 
blue colour (Messing, 1983).
As with pBR322, the pUC series of plasmids have spawned a 
whole new generation of cloning vectors, each one slightly improving on 
the basic requirements of a cloning vector. An ever increasing number 
of unique restriction sites within the alpha-peptide coding sequence of 
lacZ' (Norrander et al.. 1983) and various copy number derivatives have 
also been developed (Stewart et al.., 1986a,b).
1.3 Plasmids as Expression Vectors in E. coli
Cloning vectors such as pBR322 and pAT153 can be employed as 
expression vectors, utilising the bla or tet gene promoters (Minton et. 
al.. 1983a). Unfortunately these promoters are partially constitutive 
and therefore provide unregulated expression which can be lethal to the 
cell. The pUC series of plasmids can also be used to obtain expression 
of cloned DNA as lacZ fusions when joined in-phase with the reading 
frame of the alpha-peptide. The regulation of transcription can be 
achieved in strains that overproduce the lacl encoded repressor (laclQ) 
by the addition of an inducer such as lactose, or its synthetic 
analogue, isopropyl-beta-D-thiogalactoaide (IPTG).
The first experiments designed to overproduce foreign gene
products, the synthetic genes coding for the hormones somatostatin 
(Itakura et al., 1977) and the Insulin A and B chains (Goeddel et al., 
1979b), utilised cloning vectors. Once the foreign gene was in the 
cloning vector, it was put under transcriptional control by cloning a 
DNA cartridge containing the regulatory regions of lac upstream of the 
synthetic genes. The strategy for expression of heterologous or 
foreign protein has subsequently become more sophisticated and now a 
wide variety of expression vectors are available, into which a gene 
can be cloned and expression regulated.
1.4 High Expression of Cloned Genes
Much of the interest surrounding .in vitro gene manipulation 
involves the commercial exploitation of bacteria to produce foreign 
proteins such as those from human, animal or viral sources. Detectable 
expression is no longer sufficient to satisfy the demands of 
production, high expression of the gene product is required.
Nature has provided us with many examples of the 
overproduction of gene products by bacteria. In E. coli the ribosomal 
proteins are one classic example; the related protein elongation factor 
Tu, for instance, can accumulate to 5Z of the soluble cell protein. At 
the extreme, infection of E. coli with bacteriophages T4 or T7 , leads 
to total remobilisation of the host replication, transcription and 
translation machinery to produce almost exclusively the viral-encoded 
products. Additionally, there are naturally occurring plasmids ColE2 
and ColE3 which upon induction produces colicin. This then becomes the 
major synthesised protein in the cell (Tyler and Sherratt, 1975). 
Synthesis of a functional protein depends upon transcription of the 
appropriate gene, efficient translation of the mRNA and in many cases.
post-translational processing (Table 1.1). A failure to perform 
correctly any one of these processes can result in the failure of a 
given gene to be expressed. It is the role of an expression vector to 
maximise expression; this can be done at specific stages of the process 
and determines the components essential for an expression vector.
1.5 Promoters
To obtain high expression of a cloned gene transcription 
should be maximised using a strong promoter. A promoter is a DNA 
sequence that directs DNA dependent RNA polymerase to bind to DNA and 
to initiate RNA synthesis. Strong promoters cause mRNAs to be 
initiated at high frequency; while weak promoters direct the synthesis 
of rarer transcripts. A large number of promoters for E. coli RNA 
polymerase have been analysed (Hawley and McClure, 1983); comparison of 
the sequences reveals two highly conserved regions, one located about 
10 bp (-10 region or Pribnow box; Pribnow, 1975) and the other about 35 
bp ( - 3 5  region) upstream from the point at which transcription starts 
(+1) (Rosenberg and Court, 1979) (Fig. 1.2). These two regions are 
thought to be important in determining promoter strength because 
mutations that decrease the frequency of transcription usually decrease 
the amount of homology with these conserved sequences. Other more 
moderately conserved regions of promoters may also contribute to 
promoter strength. Also, the number of nucleotides that separate the 
conserved sequences is important for efficient promoter function. 
Mutations altering the spacing between the -10 region and -35 region in 
a lac promoter (Stefano and Gralla, 1982), and in the beta-lactamase 
promoter (Jaurin et al., 1981), change the strength of the promoter. 
Hawley and McClure (1983) found that in all cases the promoter strength
8
Factors Affecting the Expression of Cloned Genes
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was stronger if the spacing was moved closer to 17 bp and weaker if 
moved further away from 17 bp. Of the three E. coli promoters, lac 
UV5, trp and the Pl  promoter from coliphage lambda, most widely used 
in expression vectors, none shows absolute identity with the consensus 
sequence (Fig. 1.3). In terms of transcriptional strength yet more 
efficient promoters have been made which are hybrids of the trp and lac 
UV5 promoters. The two synthetic hybrid promoters tac I and tael I were 
eleven and eight times stronger than the lac promoter (deBoer et^  al_., 
1983).
Many E. coli genes are controlled by relatively weak 
promoters, therefore the expression of such genes can be increased by 
placing them downstream from efficient promoters. Eukaryotic promoters 
function extremely poorly, if at all, in E. coli. and efficient 
expression of eukaryotic proteins has been achieved only when the 
coding sequence is placed under the control of a strong E. coli 
promoter.
The effect of introducing a strong promoter into a vector 
must also be taken into account. Readthrough beyond the gene of 
interest can be an unnecessary energy drain on the cell, producing 
transcripts coding for non-essential protein. Also transcription from 
the promoter may interfere with an essential or regulatory gene 
(Stueber and Bujard, 1982). Transcription terminators at the end of 
the cloned gene will prevent the deleterious effects of readthrough 
from a strong promoter (Gentz et al.. 1981).
1.5.1 Promoter Regulation
The most useful promoters for expressing heterologous genes 
in E. coli are those that are both strong and also regulated. Although
11
The Consensus Sequence, and the -10 and -35 Regions 
of lac, trp. Pt„ tael and tedi Procters
F ia .  1.3
-35 REGION -10 REGION
Consensus T T G A C
lac T T T A C
t££ T T G A C
T T G A C
tael T T G A C
taci I T T G A C
A T A T > H
A T A T A T T
A T T A A C T
A G A T A C T
A T A T A A T
A T T T A A T
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constitutive expression was capable of producing human growth hormone 
(Goeddel et al., 1979a) and calf prochymosin (Emtage et al., 1983) as 
5X of the cells soluble protein, various problems emerged. It was 
found that in the absence of any selection for plasmids expressing the 
desired gene product, plssmid-free cells frequently appeared (Imanaka 
«t al.. 1980; Steuber and Bujard, 1982; Skogman et al., 1983). Freed 
from the plasmid burden, these cells proved to have a growth advantage 
over those carrying the expressing plasmid (Caulcott et aJL, 1985) and 
could therefore outgrow plasmid-bearing cells during a fermentation. 
As a result it is quite possible, during a production process involving 
several inoculum stages, for the proportion of cellular population 
carrying the plasmid to fall considerably. The discovery of these 
problems led to a general appreciation of the fact that expression of 
recombinant protein was a burden on the host cell (Carrier et al.,
1983).
An alternative solution to this problem would be to operate a 
biological or metabolic switch that would enable product expression to 
be turned on and off, dividing cell growth and cell biosynthesis into 
two distinct phases. The switching on of a promoter at a stage in 
growth when cell denaities are at their highest will result in the 
maximum protein synthesising capacity of the culture being achieved.
Two basic promoter systems are available for the development 
of controllable expression vectors: either a temperature sensitive 
repressor/promoter combination or one derived from a metabolically 
controlled gene could be used. The latter type of control system could 
be effected by the addition of an inducer to the growth medium. The 
lac promoter being regulated by the lac repressor can be induced by the 
addition of an Inducer lactose or its analogue IPTG to the medium
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(Miller and Reznikoff, 1978). The tr£ promoter, regulated by the tr£ 
repressor, can be induced by the addition of 3—indolylacetic acid or 3- 
indoleacrylie acid to the medium (Morse et al., 1970). This promoter 
can also be regulated by the removal of a nutrient e.g., tryptophan 
depletion; the trp promoter being induced by tryptophan starvation 
(Miller and Reznikoff, 1978).
Unfortunately, metabolic promoters on high copy number 
plasmids have not proved very successful. In general, control of such 
systems is by a repressor protein synthesised from a single gene copy 
on the host chromosome. For example, in the absence of lactose, the 
lac repressor protein binds to the promoter region and switches off 
expression of any genes under its control. In the presence of lactose, 
it binds to the repressor protein, preventing it from binding to the 
lac promoter/operator. It has been shown that on high copy number 
plasmids the lac operator cannot be solely controlled by the 
chromosomal repressor gene (O'Farrell et al.. 1978; Lee and Bailey, 
1984) since there are insufficient repressor molecules. A similar 
situation occurs with the trp promoter system. Here the repressor 
protein is activated by tryptophan, and is then able to switch off the 
trp promoter. However, if present on a high copy number plasmid, the 
number of trp promoters in a cell would almost certainly titrate out 
the amount of trp repressor protein synthesized from the chromosomal 
gene (Hallewell and Emtage, 1980).
Metabolically-controlled promoters have in general been 
superceded by temperature controlled systems. Pl , the leftward 
promoter of bacteriophage lambda, provides a strong promoter system 
controllable by the temperature-sensitive lambda repressor gene 
product, cI857 (Isaacs et al., 1965). This gene product is denatured
14
at temperatures above 37°C, allowing initiation of transcription at the 
PL promoter when the culture is raised above 37°C. This promoter has 
proved to be the most successful for expression vector systems (Remaut 
et al., 1981) and their commercial exploitation (Simons et al., 1984; 
Waldman et al., 1983; Liu and Milman, 1983).
1.6 Translation Initiation Sequences
The efficiency of translation can also be influenced by 
manipulating the secondary structure of the ribosome-binding sites 
(RBS) (Gren, 1984). Efficient translation depends on ribosomes 
recognising the initiation codon (AUG) at the start of a gene sequence. 
With most E. coli genes translation is initiated after a ribosome binds 
to the mRNA at the RBS. This is a region which is 3-9 nucleotides 
long, located 3-11 nucleotides upstream from the initiation codon 
(Shine and Dalgarno, 1975; Steitz, 1979) known as the Shine-Dalgarno 
(SD) sequence. It contains part of the sequence 5'-AGGAGGUG-3' which 
is complementary to the 3 ’ terminus of the 16S ribosomal RNA (- 
CACCUCCUAOH). Binding of the ribosome to mRNA is thought to be 
promoted by base pairing between the SD sequence in the mRNA and the 
sequence at the 3'end of the 16S ribosomal RNA. The degree of
complementation between these two sequences will therefore have a 
marked effect on the efficiency of translation of the mRNA. When 
expressing heterologous genes in E. coli it is essential that a RBS 
precedes the coding sequence. The precise location of the RBS site 
relative to the initiation codon and the composition of the intervening 
mRNA can affect dramatically the level of expression. A 100-fold 
increase in the level of beta-interferon expression was obtained by 
reducing from 11 nucleotides to 6 the distance between the RBS site and
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the initiation codon of the beta-interferon gene (Shepard et al_.,
1982). The composition of the triplet immediately preceding the AUG
start codon also affects the efficiency of translation. For
translation of beta-galactosidase mRNA the most favourable combinations 
of bases in this triplet are UAU and CUU. If UUC, UCA or AGG replace 
UAU or CUU the level of expression was 20-fold less (Hui et al.. 1984). 
Consensus RBS sequences have been made from hybrid and synthetic 
constructions but have met with limited success (Crowl et al., 1985).
1.7 Plasmid Stability
Although sc&regational stability of plasmids is not
considered to be a problem at the laboratory scale, in large scale 
production, however, plasmid instability can pose a very serious 
problem. The use of antibiotics at this scale is not desirable because 
of effectiveness, cost and waste disposal considerations.
In order that plasmids are maintained within bacteria cells, 
they must replicate at least once before cell division and be 
accurately partitioned to ensure that each daughter cell receives at 
least one plasmid copy at cell division.
1.7.1 Repllcstlon Control of the ColEl Plasmids
Plasmid ColEl is a small (6 .6  kb) multicopy plasmid whose 
replication has been extensively studied both ^n vitro and jji vivo 
(Staudenbauer, 1978a). Since the ColEl replicon is the replicon used 
in the vectors studied in this thesis, its replicstion properties are 
discussed (for reviews see Scott, 1984; Cessreni end Banner, 1985).
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ColEl has been shown to replicate unidirectionally from a 
fixed origin (Lovett et al., 1974) by Cairns-type replication 
(Inselburg and Fuke, 1971) and more recent studies have demonstrated 
that initiation of ColEl DNA synthesis occurs at either one of 3 
consecutive bases in the replication origin (Tomizawa et al,., 1977).
Electron microscopic analysis of intermediates of ColEl 
replication in the presence and absence of various DNA gene products 
led to the proposal of a two-stage model for ColEl replication 
(Staudenbauer, 1978b). DNA Polymerase I extends the DNA chain from the 
RNA primer for 500 nucleotides, whereupon DNA Polymerase III continues 
to synthesise DNA on both strands. This explains why ColEl, unlike 
many other plasmids has an absolute dependence on Poll for replication 
(Kingsbury and Helinski, 1973). The observation that ColEl plasmids 
could replicate for 10 - 15 hours after the addition of 
chloramphenicol, an inhibitor of protein synthesis, demonstrated that 
ColEl does not require any plasmid encoded proteins for replication 
(Clewell, 1972). Moreover, since bacterial replication cannot 
continue, the host proteins necessary for ColEl replication must be 
stable.
ColEl replication is, however, sensitive to rifampicin, an 
RNA polymerase inhibitor, which first indicated that an RNA primer may 
be involved in the replication of this plasmid (Clewell, 1972). The 
first direct evidence that ColEl specified an RNA primer came from Itoh 
and Tomizawa (1980) who demonstrated ill vitro that an RNA transcript 
initiating 555 bp upstream of the defined origin, was cleaved by RNAase 
H indicating that an RNA-DNA hybrid was formed. After cleavage, DNA 
polymerase I added deoxyribonucleotides to the primer RNA (RNA II). 
Formation of the pre-primer RNA-DNA hybrid is negatively controlled by
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a small RNA molecule RNAI (108 nucleotides), which is encoded within 
the region specifying the pre-primer RNAII (Tomizawa et al.t 1981). In 
order for inhibition by the anti-sense RNA molecule to be effective, 
RNAI binding to the pre-primer RNAII must occur prior to the extension 
of RNAII to the replication origin (Tomizawa and Itoh, 1981). Both 
RNAI and RNAII have the capacity to form three stem-loop structures 
(Morita and Oka, 1979) and the importance of secondary structure to 
RNAII processing has been demonstrated by replacing 'G' residues with 
inosine which weakly pairs with 'C' residues, disrupting secondary 
structure and inhibiting maturation of the primer.
Many in vitro experiments have suggested a mechanism for the 
binding of RNAI to the RNAII pre-primer (Tomizawa and Som, 1984) (Fig. 
1 .4 ). Inc mutations within any of the three single stranded loop 
regions, which do not alter the secondary structure of RNAI but affect 
the binding rate of RNAI to RNAII, demonstrated the importance of the 
loop regions to the binding process. Furthermore, the 5' end of RNAI 
is involved, since its removal greatly reduced the binding activity of 
RNAI to RNAII although once again the secondary structure of RNAI was 
not altered.
From these observations the "stepwise pairing model" was 
proposed. Initially, RNAI and RNAII form stem-loop structures; the two 
molecules make transient contact, termed "kissing", at the single 
stranded loops. This contact facilitates pairing at the 5' end of 
RNAI, which then propagates along the entire length of RNAI/RNAII, 
forming stable binding. In addition to RNAI, ColEl specifies a second 
product called ROP (repressor of primer) which is involved in 
replication control. The construction of a ColEl deletion derivative 
exhibiting a higher copy number which could be reduced in trans by
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ColK, first suggested that snother region of ColEl was involved in copy 
number control (Twigg and Sherratt, 1980). Later, Cesareni et al. 
(1982) suggested that the rop gene located between the ColEl 
replication origin and mobility genes specified a 63 amino acid 
polypeptide (6.5 KD). This protein has subsequently been purified (Som 
and Tomizawa, 1983) and shown to inhibit transcription of the galK gene 
when it was fused to the primer promoter. Inhibition was strong when 
135 bases of the primer region downstream of the promoter was fused to 
the galK gene but weak when only 52 bases were present, indicating that 
a region downstream of the first 52 bases was involved in the action of 
the ROP protein.
RNAI has been shown to be an absolute requirement for ROP 
mediated inhibitory action both in vitro (Lacatena et^  al.., 1984) and in 
vivo (Cesareni et^  al.. 1984). 2ll vitro studies on pMBl, a derivative 
of ColEl, have shown that ROP affects primer formation in two ways, 
firstly by causing transcription termination to occur at nucleotide 2 20  
in 10% - 20Z of the primer transcripts and secondly, by increasing the 
ability of RNAI to inhibit RNAase H processing of the primer.
Experiments carried out iji vitro have demonstrated that ROP 
enhances the binding rate of RNAI to RNAII under physiological 
conditions (Tomizawa and Som, 1984) by catalysing a stage which 
precedes the propagation of stable pairing between the two molecules. 
Also, there is an inverse correlation between copy number and the rate 
of binding of RNAI to RNAII. The highest binding rste was observed for 
the wild type RNAI/RNAII species from ColEl, this was enhanced 2-fold 
by ROP. These results were substantiated by i£ vivo analysis of 
plasmid copy numbers. ROP- plasmids showed approximately a 3-fold 
increase in copy number.
?n
Thus, ROP enhances the inhibitory activity of RNA I, 
however, the exact mechanism of replication inhibition is unknown. It 
is generally accepted that binding of RNAI to RNAII prevents processing 
of the pre-primer by RNAase H, but inhibition of expression of fusion 
proteins between galK or lacZ and part of the pre-primer argues to the 
contrary. It has been suggested that binding of RNAI makes RNAII more 
sensitive to degradation by ribonucleases, supporting the finding in 
another system involving binding of an RNA molecule to the 
complementary region of the S' part of an mRNA (Coleman et al., 1984).
Recently, the structure of the ROP protein has been 
determined and shown to be a small rigid dimer of exactly two-fold 
symmetry (Cesareni and Banner, 1985). They have proposed that each 
sub-unit binds to either RNAI or RNAII and positions them correctly for 
the transient initial loop-loop interaction.
1.7.2 Partitioning
In order that plasmids are stably maintained, in addition to 
controlled replication, they must be partitioned accurately at cell 
division so that each daughter cell receives at least one plasmid copy. 
The hereditsry stability of low copy number plasmids such as F, pSClOl 
and R1 can only be explained by accurate partitioning occurring at cell 
division. Indeed, several low copy number plasmids have been shown to 
encode their own partition function (par) (Nordstrom et al.. 1980; 
Ogura and Hiraga, 1983). For ColEl and related plasmids however, there 
have been no substantiated reports of par-like functions and it has 
been suggested that active partitioning may not be critical for 
multicopy plasmids and random partitioning may suffice (Summers and 
Sherratt, 1984). Unfortunately many highly engineered plasmids based
21
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on ColEl seem to be much less stable in comparison with their high copy 
number derivatives. Meacock and Cohen (1980) identified a 270 bp 
region of pSClOl which is responsible for efficient segregation and 
partitioning of replicated plasmid molecules to daughter cells at 
division. The par function is not essential for replication, it is cis 
acting and lacks coding potential, indicating that it is more than 
likely a site, which accomplishes active partitioning and may be 
analogous to the centromeres of eukaryotic chromosomes. In addition to 
stabilizing pSClOl par derivatives, it fully stabilizes an unrelated 
multicopy plasmid pACYC184 indicating that par is not replicon 
specific.
Fine deletion mapping analysis has delimited par to a 130 bp 
region within the conveniently clonable 372 bp EcoRl - Aval fragment of 
pSClOl (Miller et al., 1983; Kalla and Gustafsson, 1984) (Fig. 1.5). 
Three discrete segments designated a, b and a' within this region are 
directly involved in the activity of par and therefore have been termed 
"partition related". Segments a and a' are direct repeats and 14/16 bp 
are identical, while b is an inverted repeat of both, with 8/9 and 9/12 
base matches respectively. The position and dyad symmetry of these 
segments are such that hairpin-loops could potentially form between 
the middle segment b and either a or a'.
Deletion analysis revealed that removal of any 2 of the 3 
partition related segments resulted in a par~ phenotype, while removal 
of all 3 resulted in a "super-par-" phenotype, plasmids in this latter 
category being more unstable than the former category. Deletion of one 
segment produced a Cmp- phenotype although plasmids of this type were 
still stably maintained. The Cmp phenotype relates to the ability of a
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plasmid to transform a host strain already carrying an incompatible, 
wild-type pSClOl plasmid. These plasmids have a reduced transformation 
frequency which greatly exceeds that seen due to normal 
incompatibility, however, two Cmp~ plasmids can stably co-exist and 
show normal incompatibility properties. The Cmp phenotype was 
demonstrated to be associated with the replication system of the 
plasmid by the stable co-existence of a Cmp“ pSClOl derivative with a 
par pACYC184 plasmid (Tucker et al., 1984). It is possible, that the 
Cmp phenotype represents an intermediate stage in par function. 
Deletion of one segment may reduce the affinity of par for its binding 
site. If the replication enzymes are adjacent to this site, par+ 
plasmids may be preferentially replicated, rather than Cmp~ plasmids. 
The stable co-existence of two Cmp“ plasmid indicates that both have an 
equal probability of being replicated, while the stable co-existence of 
a Cmp“ pSClOl plasmid with a par* pACYC184 implies that there may be 
different replication sites for unrelated plasmids. Furthermore, 
"Super-par" and par“ pSClOl derivatives with copy number equivalents to 
the wild-type, exhibit segregation frequencies which are several fold 
lower and slightly lower, respectively, than the calculated copy 
numbers of these plasmids. Also, temperature-sensitive pSClOl 
replicons at the non-permisslve temperature for replication, are lost 
from cells at a rate consistent with the calculated copy number when 
they are par*, but when they are "Super-par", half of the cell 
population loses the plasmid after only one cell doubling, indicating 
that this latter group segregate as a single unit (Tucker et al..
1984). The previous data implies that pSClOl plasmids possessing an 
intact par region can be counted as Individual molecules and segregated
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evenly to daughter cells. Moreover, the Cmp- phenotype, suggests that 
the plasmids containing par regions deleted for one or more partition- 
related segments a, b or a' are at replicative disadvantage in the 
presence of par+ plasmids.
It has been suggested that par functions by binding to some 
host encoded component of the chromosome partitioning system. Evidence 
for this theory is supported by Gustafsson et al. (1983) who has 
demonstrated an association between the pSClOl par region and the outer 
membrane of E. coli. Recent work by Wahle and Kornberg (1988) has 
shown that the par sequence is a specific binding site for DNA gyrase. 
The tight binding of DNA gyrase to one particular site (alone or in 
conjunction with other proteins) might serve in the intracellular 
organisation of the DNA at cell division.
1.8 Plasmid Co p y Number
The simplest way of achieving high expression is by cloning 
the gene of interest on a high copy number plasmid. Using a high copy 
plasmid increases the gene dosage providing more mRNA transcripts, 
thereby overcoming a major rate limiting step in protein synthesis. A 
range of high copy number vectors have been derived from ColEl, all of 
them utilising the RNAI/II interaction as the basis of achieving high 
copy numbers (Twigg and Sherratt, 1980; Boros et al., 1984; Gayle et 
al.. 1986). Potentially more interesting are the temperature inducible 
runaway replication vectors developed by Uhlin et al. (1979). These 
vectors, based on the i 3w copy number plasmid R1 (10 - 25 copies per 
chromosome), have lost the ability to control its copy number at 
increased growth temperatures. At temperatures above 35°C control of
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replication is lost, resulting in an increase in copy number to more 
than 2,000 copies per chromosome. ColEl derived vectors have also been 
employed in this way. Wright et al. (1986) have constructed a dual 
origin vector, comprising an inducible ColEl-derived origin controlled 
by the lambda Pr promoter, the cI857 temperature-sensitive repressor 
gene and the pSClOl origin with the par locus. Frey and Timmis (1985) 
obtained an elevated copy number, by employing ColD based vectors which 
auto-amplify their own copy-number when the cultures enter the 
stationary phase of growth. All these expression vectors overcome the 
problems of metabolic burden and instability associated with 
maintaining a high copy number, by maintaining a low copy number during 
the growth phase and then inducing a higher copy number with expression 
at the end of the growth prior to harvesting. However, few have been 
used in high expression work since the energy of the cell is directed 
towards DNA rather than protein synthesis.
1.9 Protein Stability
A number of heterologous proteins expressed in E. coli have 
been reported as being unstable e.g.. somatostatin (Itakura et. al.. 
1977), human pre-interferon and interferon (Taniguchi et al., 1980). 
Not all recombinant proteins are unstable in E, coli. The variation in 
half life of 'normal' resident proteins is large; 7X of all proteina 
have a half life of less than 15 min, another 20-30* are not broken 
down unleaa under conditions of starvation, while the remainder are not 
turned over at all (Nath and Koch, 1971). The atructural features 
which determines the half life of proteina are not known, therefore it 
ia not possible to predict which proteins will be unstable.
Instability of heterologoua protein in E, coli can be
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circumvented or reduced by changing the host strain or the cellular 
location. E. coli mutant strains which have a reduced complement of 
intracellular proteases have been employed to stabilise heterologous 
proteins. E. coll appears to have two proteolytic systems, one 
involved in the slow turn over of normal cellular proteins and one 
which rapidly degrades a labile fraction including abnormal proteins 
resulting from mutation, errors in translation, denaturation and may 
include heterologous proteins (Swarmy and Goldberg, 1982). An E. coli 
mutant has been isolated which lacks the Ion protease, a DNA binding 
protein with ATP dependent proteolytic activity, thought to have a role 
in the degradation of abnormal proteins (Buell e£ al.. 1985). An 
alternative approach to the problem of protease activity is to clone 
the anti protease gene of phage T4 into the expression vector. This 
phage gene product reduces proteolysis. Simon et al. (1983) found that 
fibroblast interferon, a labile eukaryotic protein cloned in E. coli. 
was stabilized in cells where the T4 antiprotease gene was expressed.
The classic solution to protein instability has been to 
produce fusion polypeptides. This involves the protection of the 
recombinant protein, particularly small polypeptides which are 
susceptible to proteolysis, by the whole or part of a host protein 
molecule fused to the N-terminus of the recombinant protein. Itakura 
et al. (1977) used beta-galactosldase to afford considerable protection 
for the low molecular weight polypeptide somatostatin, whose synthesis 
is undetectable without the fusion to beta-galactosidase.
By the addition of a leader sequence to a cloned gene the 
location of proteins produced within the cell can be directed into the 
periplasm. One of the major advantages of producing the products in 
the periplasmic space is the reduction in proteolysis. Swarmy and
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Goldberg (1982) showed that of the 8 proteases Identified the 
distribution within E. coli is 5 in the cytoplasm, 2 in the periplasm
and 1 distributed equally between the two. The distribution of these 
proteases is such that fusion of a signal peptide or leader sequence to 
a cloned gene product ensuring its secretion to the periplasm increases 
its stability to proteolytic activity. Talmadge and Gilbert (1982) 
demonstrated that preproinsulin molecules were 1 0  times more stable in 
the periplasm than in the cytoplasm. A range of bacterial, eukaryotic 
or hybrid signal sequences have been used to direct heterologous 
protein out of the cytoplasm (Talmadge et al.. 1980; Gray et al., 1985; 
Ohsuye et al., 1983; Nagahari e£ al., 1985; Abrahmsen et al.., 1986) 
with varying degrees of success.
Cytoplasmic localisation of heterologous protein can also 
induce aggregation of the expressed protein into inclusion bodies. The 
'packaging' of insulin into dense cytoplasmic inclusion bodies within 
E. coli was originally observed by Williams et ¿1. (1982) and Paul et 
al. (1983), although the accumulation of 'abnormal' proteins in E. coll 
into intracellular granules had been previously described (Prouty and 
Goldberg, 1972; Prouty et al., 1975). The formation of such aggregates 
provides a means of stabilisation for foreign proteins over-expressed 
in E. coli was demonstrated with an 'abnormal' beta-galactosidase 
construct (Cheng et al.. 1981; Cheng, 1983). This phenomenon has since 
been observed in the expression of several eukaryotic proteins in E^ 
coli including interleukin - 2 (Devos et al.. 1983), prochymosin 
(Emtage et el., 1983; Kawaguchi at al.. 1984) gamma-interferon (Simons 
et. al.., 1984) and bovine growth hormone (Schoner et al.. 1985). The 
common feature of all the systems is that gene expression and product 
formation is high (4 to 30% of soluble protein of the cell) and, in the
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case of all eukaryotic proteins studied to date, involves proteins 
normally secreted from their host eukaryotic cell but 'constructed' to 
be cytoplasmic products in E. coli. Such normally secreted proteins 
all have tertiary structure dependent on the formation of disulphide 
bridges. It appears that the redox system of E. coli is incapable of 
fully oxidising such proteins since a large percentage of the 
sulphydryl groups in these proteins are found in the reduced rather 
than the oxidised form (Marston et al., 1984). Although inclusions 
probably offer protection against proteases, they do present problems 
of extraction and purification. In most instances dénaturants (SDS or 
urea) have to be used to extract the protein. For proteins of 
pharmaceutical interest, the use of detergents is undesirable since it 
is difficult to remove them completely. The formation of inclusion 
granules can provide a rapid means of purifying foreign proteins. Such 
granules have been isolated by a single step centrifugation in the case 
of prochymosin (Marston et al.. 1984). Regardless of the extraction 
method used, the protein will almost certainly have to be renatured, 
which may prove difficult, if not impossible.
1.10 Host Physiology
In spite of the many problems of expressing heterologous 
protein in E. coli. it is still the paradigm against which all other 
systems are measured. While E. coli will not carry out post-
translational modifications, such as glycosylation of eukaryotic 
proteins, it will express larger quantities of heterologous protein 
compared to other systems available.
The choice of which E. coli host to be used to express the 
heterologous protein can have a marked affect on its expression
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(Atkinson et al., 1986). Less tangible is the physiology of the host 
cell. The choice of nutrients, the way in which they are supplied to 
the culture (Cheng, 1983) and environmental parameters such as 
temperature (Mizukami et al.. 1986) and dissolved oxygen tension are 
all of particular importance to the expression of heterologous protein 
in E. coli.
1.11 Continuous Cultivation
Continuous cultivation was used extensively in this study to 
examine the segregative stability of plasmids. The advantages of using 
continuous culture over batch culture to.study the kinetics of plasmid 
loss are numerous. In batch culture the cells alternate between 
conditions of nutrient excess and nutrient starvation and, as a result, 
the degree of competition between plasmid containing and plasmid free 
cells may vary. In such circumstances kinetic analysis of the data is 
impossible. Once cells reach the stationary phase in batch cultures 
the death rate of plasmid free and plasmid containing cells would not 
be the same. Batch cultures would therefore have to undergo repeated 
subculturing prior to stationary phase. Also the determination of the 
number of generations which the cells have undergone is not accurate.
Continuous culture does not suffer any of these 
disadvantages. The steady state environment achieved in continuous 
culture provides a means of quantitatively studying segregational 
plasmid stability.
1.11.1 Theory of Continuous Culture
The continuous culture of microorganisms has come a long way 
since its introduction (Novick and Szilard, 1950a, b; Monod, 1949).
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Here, no attempt will be made to cover all the theoretical and applied 
aspects of this technique, instead the general theory, with reference 
to its role in the study of segregational stability, will be developed 
(for review see Tempest, 1969). The simplest and most straight forward 
theory of continuous culture, based on Monod kinetics as applied to a 
culture at equilibrium, was utilised in our study of segregation 
plasmid stability. Any cell in a medium suitable for growth will 
multiply at rates that are, overall, constant. Therefore, even though 
there may be a spread of individual generation times, the population 
density as a whole increases exponentially with time.
If the original population is xo cells, after n generations 
the population is x cells.
Then, x - xo.2n
Also, if the mean generation time is g and the overall population is 
achieved after time t.
Here, n represents the number of doublings that have occurred after 
some time interval t.
Thus n - t/g.
It follows therefore, that the number of organisms present in a culture 
after t hours of incubation will be related to the initial population 
by the equation
x - xo 2n 
x - xo 2 t/g 
x_ - 2 r /8
XO
and taking logarithms.
In ( x/xo) - (In 2)t/g.
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(In x - In xo)/t 0.693/g
H - 1 . dx - In 2 - 0.693
x dt g g
H is called the specific growth rate constant. It is the rate of 
increase in cell numbers per unit of cell numbers.
The steady state environment necessary to study segregational 
plasmid stability within cells was achieved by the fact that the rate 
of change in each and every environmental parameter is linked directly 
to the rate of change of biomass concentration (that is, to the growth 
rate of the organism). Therefore, all one needs to do is add fresh 
medium to the culture at a rate sufficient to maintain the culture 
population density at some prescribed submaximal value, thereby 
replenishing nutrients that are being consumed and, simultaneously, 
diluted out end-products that are accumulating at rates exactly 
sufficient to ensure that the environment no longer varies with time. 
The culture was run as an open system, employing an overflow tube (or 
weir) into the culture so that excess culture can flow from the growth 
vessel at the same rate that the fresh medium was added, thereby 
maintaining the culture volume constant.
The construction of a fully defined medium whose composition 
allows one nutrient to be present at a concentration such that in a 
batch culture, it would become depleted before any other nutrient was 
fully used up, has been achieved. Thereby the rate of supply of that 
nutrient, added along with the other essential nutrients in the fresh 
medium, would prescribe the rate of growth of the organism in the 
culture.
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Within such nutrient-limited cultures it would be the
concentrstion of nutrients in the culture extrscellulsr fluids thst is 
actually limiting the rate of cell synthesis, since the rate at which 
such a substrate is taken into the cell will be a function of its 
concentration.
If the uptake process involves some enzyme-catalysed 
reaction, then one might expect that the relationship between uptake 
rate (and growth rate) and concentration of limiting substrate would be 
of the form of a Michaelis-Menton equation.
That is
V -  Vmax 
or
M “ /¿max
where V - rate of penetration of substrate.
Vmax - maximum rate of substrate uptake 
S - concentration of substrate 
Kg ■ saturation constant
¡1 ■ specific growth rate 
/imax ■ maximum growth rate 
Kg - saturation constant
Monod (1949) found experimentally that the above relationship did apply 
to many culturea, and though it may not be valid under all 
circumstances, it forms the cornerstone of much of the theory of
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microbial growth in continuous culture, as applied to a chemostat.
The change in concentration of the organism with time will 
depend on the balance between the growth rate H and the dilution rate 
D.
Change ■ Growth - Washout 
dx - x - Dx 
dt
Therefore at equilibrium when dx - o 
dt
M  - D
steady state conditions are ultimately established. Where the specific 
growth rate (/4) and the dilution rate (D) are equal, with the dilution 
rate set below a critical value at which the organism express their 
maximum growth rate.
Increasing the dilution rate will increase the specific 
growth rate of the organism. A point will be reached at which the 
growth rate will no longer be able to keep pace with the dilution rate 
at fimax, this is termed the maximum specific growth rate and the point 
at which washout occurs.
1.12 Aims of Thesis
The main aim of this thesis was to obtain high expression of 
the Pseudomonas derived enzyme carboxypeptidae G2 (CPG2 ) in E. coli and 
scale up its expression for production.
CPG2 belongs to a class of enzymes which hydrolyse the C- 
terminal glutamate moiety from folic acid and its analogs (Sherwood et. 
al.. 1985). The key role of reduced folates as co-enzymes in many
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biochemical pathways has led to the folic acid molecule becoming a 
prime target in cancer chemotherapy (Bertino et. al.. 1971). Folate 
depletion has most commonly been achieved using the folic acid 
antagonist methotrexate to inhibit dihydrofolate reductase (Bleyer, 
1978), but may also be achieved directly using the carboxypeptidase G 
class of enzyme (Kalghatgly and Bertino, 1981). In addition, these 
enzymes may be used in rescue therapy following high dosage 
methotrexate regimes (Chabner et al., 1972). More recently an antibody 
- CPG2 conjugate has been shown to be cytotoxic to a choriocarcinoma 
cell line in vitro (Searle et al., 1986), and to be selectively 
targeted to tumour tissue in a choriocarcinoma xenograft in nude mice 
(Melton et al., 1986). The potential of CPG2 in cancer chemotherapy 
has brought forward the requirement for large quantities of purified 
protein for experimental and clinical testing. To alleviate this 
situation the gene encoding CPG2 (cpg) was cloned in E. coli and its 
entire nucleotide sequence determined (Fig.1.6) (Minton et al.. 1983a; 
Minton £t al_., 1984). Expression was obtained in E. coli from a 2.03 
kb BamHl fragment of the cpg gene subcloned into the BamHl site of 
pAT153. This construction in the host W5445 directed expression of 
CPG2 to between 1Z and 2.3Z of the cells soluble protein into the 
periplasmic space. The relatively high level of expression, compared 
to the native promoter (0.2Z) was due to transcriptional read through 
from the promoter of the upstream tet gene. The expression vector
pNM21 in the host W5445, had exhibited plasmid segregational 
instability during cultivation. This was therefore the starting point 
to improve CPG2 expression. Other factors affecting expression were 
also investigated; copy number and a temperature inducible promoter 
system.
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fl*» 1.6
Nucleotide Sequence of the cpg gene.
Dashed overlining represents an amino terminal sequence determination
in an automated spining cup sequencer. Solid overlining represents 
elastase peptides which have been completely sequenced and fitted to 
the translation DNA sequence. Solid-dotted overllning represents 
peptides which have been fitted on the basis of the partial sequencing 
(solid) and amino acid analysis (dotted). S.D. refers to the putative 
Shine-Dalgarno sequence (or ribosome-binding site). Possible promoter 
sequences (i.e. -35 and -10 regions) are indicated by the solid lines 
above and below the relevent sequence. The signal peptide is indicated 
by the heavy arrows, as subdivided into its hydrophillic and 
hydrophobic.
i AcççÂççôçiçi COCA CT oc
A A r r CaCT'ATAACa  ACCA TOCCT COCCA CCCCCC A CT A CAPOCCI CCA CCACCTTTTTT CA T T CCG A CA A CCCC A AOC A ACA ATCCCT A C.AC.C
AOCACA TTCC a a a  a life  S c  a a sr™ a  a  s. s ^ a a  a a  a  a  a
a  a a a a a a a  a  a  is a a a a  a  a  a  a  a  a  a  a  a  a  
a a a a a  Re s. a  a a  a a  a  s^sp-rasra a a a ^ p a
Se Sc Se Se Se Se Se iS  Se aaR eeS eïS  Se Se ScSc Se Se Se Se Re SeSe 
Se Re Se Se Se Se Se Se Se Se Se Se Se iïc Se Se Se a  Se Ke Se Se Se R, Se
Se Se ccc a  a  èec c í p A  Se Se Se èec i a c  ce^ é^ eJecRcccc Se Se Se Se Se Se èec
Se Re s. Se a a  a s s  Seaaa s. a  a  k. Se a  r .  a  s«s. a sc
See Se ScS. Se S , Se Se Se Sc Se Se Se Re Se S . S aS c Se Se Se Sc -’.'e Se i Ve
a a a a a a a  a  a  s. s. as. a  a  a  a a  a  a  & s. a  s« sc
Re ice Sc Se Sc tòpT^ec Sc Sc a  Sc Se Sc^ Sc Sc a a c  a Sc Sc Se a Sc Sc Se 
eie Scjee a  Re a a c  Re Sc S^Sc a  Sc Sc Sc Se a  Sc ice Sc Re Sc Sc Sc Se Se
s7a SeReRe a a a a  a  a  a  a  s. s. sreêipâsïsïs; a as.
Se Se Se a Se S . Se Se a Se Se Se Se Se Se Se Se Se ÌTcS. Se Re Se Se S
a  a  Se Se a s, a a  s. a  a  a  a  s èrpe a  ès. èt. a  a a a  s. s.
Se Se a  Se Se Se S . Se Se Se Se Se Se Se Se Se Se HHSc E S Ï îr S ë ’â T Ï . 
ète Re STSLSe Se Se Zi Se a  Se Se Se Se Se Sc è?e Se Se Se è.*c Re Se ScR.
c *e èee cec cíe tee Re cct eoe o
36

2 .1 MATERIALS
2.1.1 Chemicals
All the materials used in this study were of the highest 
grade commercially available (Anala R) and unless otherwise stated in 
the text were obtained from the following sources:
Microbiological media - Oxoid Ltd or Difco Laboratories 
Chemicals - BDH Ltd or Sigma (UK) Ltd
2.1.2 Enzymes
All restriction endonucleases, polynucleotide ligase, E. 
coli DNA polymerase I; large fragment (Klenow), lysozyme (Grade 1), 
Proteinase K and Bovine serum albumin (BSA) fraction V were purchased 
from Bethesda Research Laboratories, Gibco Ltd., Paisley, Scotland.
2.1.3 Media
The following media were prepared with double distilled, 
deionised water and autoclaved at 15 psi (121°C) for 15 min unless 
otherwise stated. Post sterilisation additions were made aseptically 
by filtration of solutions through a 0 . 2 2  /im filter.
Lurla - Bert.nl (LB) Medina
Used routinely for growth of E. coli strains in both solid 
and liquid form.
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Contains per litre -
Tryptone 10 g
Yeast extract 5 g
NaCl 10 g
pH adjusted to 7.5 with NaOH.
For solid media (L-agar) 1.5Z (w/v) purified agar was added. 
Nutrient Broth
Used routinely for growth of E. coli strains.
Contains per litre -
Natural (-!< of 7.5.
For solid media 1.5Z (w/v) purified agar was added.
YT Broth
Used to grow E. coli strains prior to making competent cells 
ready for transformation and transfection. (Also used at double 
strength concentration).
Contains per litre -
Nutrient broth 16 g
NaCl 5 g
Tryptone 8 g
Yeast extract 5 g
NaCl 5 g
For solid media, 1.5Z (w/v) purified agar was added.
M-9 Medium
Minimal media used for the growth of E. coli strains.
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Contains per litre -
M-9 B u ffe r ( x  10)
Na2HP04 60 g
KH2PO4 30 g
NaCl 5 g
NH4 Cl 10 g
Mg/Ca solution (x 100) 0 .0 1 M CaCl2,
0 . 1 M MgCl2 .
M-9 media contains per 100 ml -
M-9 Buffer 1 0  ml
Mg/Ca solution 1 ml
20Z (w/v) glucose 1 ml
M-9 buffer was made up to 100 ml with H2O and its pH adjusted to 7.4 
prior to being autoclaved. Mg/Ca solution, glucose and amino acid 
requirements were sterilised separately by filtration before being 
added to the sterile M-9 buffer.
Iso-sensitest Agar
Used for the identification of beta-lactamase producing colonies.
Contains per litre -
Iso-sensitest agar 31.4 g 
made up to 1 litre with H2O.
H-top
Used to an overlay for plating out bacteriophage. For convenience was
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made up in 20 0 ml volumes.
Contains per litre -
Bacto Tryptone 10 g
Difco minimal agar 8 g
NaCl 8 g
Fermentation Media
Semi-defined media was used for scale-up of fermentations while fully 
defined media was required for continuous cultivation. The bulk of the 
medium was prepared with demineralised water and autoclaved at 20 psi 
(125°C) for 30 min. Heat labile component(s) were either sterilised 
separately and then added to the bulk sterile medium or filter 
sterilised and then added.
Medium A
Contains per litre -
K2 HP0 4 4.0 8
KH2 P0 4 1 . 0 8
NH4C 1 1 . 0 8
CaCl2 .6H20 0 . 0 1 8
K2SO4 2 .6 8
Casamino acids 2 0 . 0 8
Yeast extract 3.0 8
Glycerol 46.0 8
1M MgCl2 1 ml
Trace elements 10 ml
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Trace elements stock solution:
Contains per litre -
EDTA.Na2
F eCl3.6H20
ZnO 0.05 g
0.5 g
5.0 g
CuC12. 2H20
C0NO3.6H2O
NH4M07O24
0 . 0 1 g
0 . 0 1 g
0 . 0 1 g
Trace elements stock solution were made up by dissolving 5 g EDTA 
(disodium salt) in approximately 800 ml H2O and then separately adding 
the salts while maintaining the pH between 7 and 8 . The trace elements 
and MgCl2 can either be autoclaved separately and then aseptically 
added to the bulk medium or filter sterilised along with any amino 
acids, vitamins and antibiotics required.
Continuous Culture Media
Developed by Tempest et al. (1969) for the continuous cultivation of E. 
coli.
Stock solutions for simple salts media:
Molar
Solution
Phosphorus source
Concentration Concentration g 1~*
Nitrogen source
2MNaH2P04.2H20 
4M NH4CI
312
214
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Potassium source 2M KC1 149
Sulphur source IM Na2 S0 4 .1 0 H2 0 322
Chelating source IM Citric acid 2 1 0
Magnesium source 0.2SM MgCl2 23.8
Calcium source 0.02M CaCl2 2 . 2
Molybdenum source 0.001M Na2Mo04 0 . 2
Trace elements:
Contains per litre:
FeCl3.6H20
MnCl2.4H20
CuCl2 .2H20
CaCl2 .6H20
H3BO4
5.4 g
2 . 0  g
0.17 g 
0.48 g
0.06 g
Composition of simple salts media used in nutrient limitation studies:
Concentration of limiting solution ml- 1
C P
Phosphate 5.0 1 . 0
Nitrogen 25.0 25.0
Potassium 5.0 5.0
Sulphate 2 .0 2 . 0
Chelate 2 .0 2 . 0
Magnesium 5.0 5.0
Calcium 1 . 0 1 . 0
Trace elements 5.0 5.0
Molybdate 0 . 1 0 . 1
Glucose or other 10 30
Carbon source (g)
43
2 .1 .4 B u f fe rs
Distilled end deionised water was used in the preparation of 
all buffers. Most of the buffers were prepared as stock solutions in 
concentrated form.
T.E. (x 100)
Stock solution contains 
Tris
EDTA.N82
Natural pH of
TM (xlO)
Tria-HCl 
MgCl2
T.A.E. (x 20)
Stock solution contains per litre:
Tris 96.80 8
Sodium acetate 32.81 8
EDTA.Na2 7.44 8
pH adjusted to 8.0 with glacial acetic acid. 
T.B.E. (x 10)
Stock solution contains per litre:
Tris 108 8
Boric acid 55 8
EDTA.Na2 9.3 g
Natural pH of 8.3.
100 mM (pH 8.5) 
50 mM
per litre: 
1 2 1  g
3.72 g 
8.0 - 8.5.
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Stock solution contains per litre:
G lyc in e  B u ffe r ( x  10)
Glycine 150 g
NaOH 6 g
EDTA.Na2 7.44 g
Natural pH of 9.0.
STET Buffer
Sucrose 8X (w/y)
Triton X-100 5X (w/y)
EDTA.N82 50 mM
Tris-HCl 50 mH (pH 8.0)
Ligation Buffer (x 10)
NaCl 300 «M
Tris-HCl 300 mH (pH 7.5)
MgCl2 75 aH
Spermidine 10 aH
DTT 10 aH
EDTA.Na2 2 mM
Tracking Dye (x 6 )
Glycerol 50X <*/*>
Xylene cyanol 0.02X (w/y)
Bromophenol Blue 0.02X ("/*>
Sucrose 40X (w/y)
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S.S.C. (x 20)
Stock solution contains per litre:
NaCl 175.3 g
Na Citrate 88.2 g
Made up to 800 ml originally, pH adjusted to 7.4 with NaOH, then adjust 
volume to 1 litre.
Kinase Buffer (x 10)
Trls-HCl 500 mM (pH 8.0)
MgCl2 100 mM
Pre-Hybridisina Solution 
6 x SSC
10 x Denhardt's solution 
0.1X (v/v) SDS
100 g ml~l denatured, Salmon sperm DNA 
50Z (v/v) Formamide
Oliao-Labellina Buffer
Made up from the following components:
Solution 0
Tris-HCl 1.25 M (pH 8.0)
MgCl2 0.125 M
Stored at 4°C.
Solution A
Solution 0 1 ml
2-mercaptoethanol 18 fll
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0.1 M dCTP 5|»1
0.1 M dTTP 5 ^1
0.1 M dGTP 5/tl
Stored at -20°C.
Solution B
2 H Hepes, titrated to pH 6 .6  with 4 M NaOH stored at 4°C.
Solution C
Hexadeoxyribonucleotides, evenly suspended (this does not 
completely dissolve) in TE at 90 OD units ml“l. Stored at -20°C. 
Oligo-labelling buffer consists of solutions A:B:C mixed in the ratio 
of 100:250:150. Stored at -20°C.
Denhardt's Solution (x 50)
Stock solution contains per litre:
Ficoll 1 0  g
Polyvinylpyrrolidone 1 0  g
B.S.A. (Fraction V) 1 0  g
CAT Assay Buffer
1 ml of Tria-HCl (100 mM, pH 7.8) containing 4 mg of DTNB was 
added to 0.2 ml of Acetyl Co-enzyme A (5 mM) and made up to 10 ml with
8 .8  ml of H20.
CPG? Assay Buffer
Consists of Tria-HCl (100 mM. pH 7.3) with 0.2 mM ZnSO*. The 
substrate for the reaction being 60 nmol methotrexate (5.4 mg 
Methotrexate in 20 ml CPG2 assay buffer).
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Restriction Endonuclease Buffers
For convenience, restriction enzymes were divided into 3 
groups, in which optimum performances took place in buffer with high 
ionic strength, medium ionic strength or low ionic strength. In this 
way only 3 buffers were required for the vast majority of enzymes which 
can be categorised into these 3 groups. There were still some enzymes 
which did not fall into any of the 3 groups, a separate buffer was 
therefore made up, obtained from the product profile provided by the
manufacturer.
Low Salt x 10
Tris-HCl 100 mM (pH 7.5)
MgCl2 100 mM
Dithiothreitol (DTT) 10 mM 
Medium Salt x 10
NaCl 500 nM
Tris-HCl 100 mM (pH 7.5)
MgCl2 100 mM
Dithiothreitol 10 mM
High Salt x 10 
NaCl 1 mM
Tris-HCl 500 mM (pH 7.5)
MgCl2 10 0 n*
Dithiothreitol 10 mM
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Acrylamide Solution Acrylamide 30Z (w/y)
Bis-acrylamide 0.8Z (w/v)
2x Running Gel Buffer Tris-HCl (pH 8 .8 ) 0.75M
(lower Tri«) SDS 0.2Z (w/v)
2x Stacking Gel Buffer Tris-HCl (pH 6 .8 ) 0.25M
(upper Tris) SDS 0.2Z (w/v)
Sample Buffer Tris-HCl (pH 6 .8 ) 12.5 ml
Glycerol 2 0 ml
beta-mercaptoethanolL 1 0  ml
10Z (w/v) SDS 40 ml
Bromophenol Blue 1.5 mg
made up to 100 ml with H20
SDS-PAGE Buffer
Contains per litre Tris 3.03 g
Glycine 14.4 g
SDS
Natural pH of 8.3
1 . 0  g
Staining Solution
Contains per 500 ml Coomassie Blue R250 1.25 g
50X Methanol 454 ml
Glacial Acetic Acid 46 ml
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2.1.5 Bacterial Strains and Plaamlds
Table 2.1
Bacterial Strains used in this Study
Strain Genotype Source or Reference
V5445 pro, leu, thi. thr. supE44. lacY. tonA. 
hsdM.hsdR. at**
N Mann
JM83 ara.Alac. pro. strA. thi. O80D. lacZ M15 Messing et, ¿1. (1981)
JM101 supE. thl.Alac. pro. F'. traD36. proAB, 
lac Ifl. ZM15
K12aHUtrp SmR. lac Z'am, bio-uvrB.AtrpEA2 
( Nam 7-Naa53 cI851*Hl)
Bernard et al,. (1979)
GM161 thr-1. leuB6 , dam-4, thi-1. hadSl. lacYl. 
tonA21. IT supE44
Marinus et, al. (1983)
GM271 leuB6 . dcm- 6 . hisG4. thi-1. hsdR2. ara-14. 
lacYl. galK2. galT22. x t1-5. mtl-1. 
rpsL136.tonA31. tsx-78. L~. supE44
GM2199 thi-1. ara-14. leuB6 . tonA31. lacYl. 
tsx-78. aupE44. aalK2. galT22. Kr hisG4. 
rpsL136. dam-13::Tn9. xyl-5. mtl-1. thi-1
GM2163 ara-14. leuB6 . tonA13. lacYl. tsx-78. 
suoE44. galK2. L~ dcm-6 . hiaG4. rpsL136. 
dam-13::Tn9. x t1-5. mtl-1. thi-1. hsdR2
JC2926 thr-1. leu-6 . proA2. hia-4. argE3. recA-3. 
ara-U. lacYl. galK2. mtl-1. xyl-5. T6*-. 
rpsA
D J Sherratt
SI
Table 2.2
Plasmids used in this Study
Plasmid Description Source or Reference
pAT153 Ap8 , Tc8 Twigg and Sherratt (1980)
pUC8 ApR, lacZ' Vieria and Messing (1982)
pNM21 ApR, Tc^, cpg Minton et al. (1983a)
pAT153 2 S£ ApR, TcR, par Chapter 3
pUC8 par ApR, lacZ', par Chapter 3
pNM21 £ar ApP, Tc^, cpg. par Chapter 3
pMTL ApR, lacZ' nlc/bom~ Chapter 3
pMTL par ApR, lacZ'. nlc/bom~. par Chapter 3
PPLC28 *pb Remaut et al. (1981)
pNM232 ApR, cpg N Minton
pNM501 ApR , lacZ1 N Minton
pNM502 ApR , lacZ1, cpg Chapter 5
pNM503 ApR , lacZ', cat Chapter 5
pcI857 Ki»8, cl N Minton
pCMIO ApR , lacZ'. par, cpg Chapter 3
pLVC9 Cm8, Kms Warren and Clark
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2.2 METHODS
2.2.1 Storage and Growth of Bacterial Strains
Dorset egg agar slopes (Oxoid Ltd., England) provided a 
convenient laboratory storage method for bacterial strains. Bacterial 
strains maintained at -70°C in a glycerol containing medium provided a 
long term method of storage. Before storage at -70°C the strains were 
grown overnight in L-Broth at the appropriate temperature. Glycerol 
was then added at 10X (v/v) final concentration, 1 ml aliquots were 
then placed in sterile vials, mixed and then frozen at -70°C. Prior to 
storage, and when regenerated from storage plasmid encoded markers and 
auxotrophic markers were checked by plating onto the appropriate media.
2.2.2 Beta-lactamase Plate Assay
This assay was developed by Boyko and Ganschow (1960), based 
upon the removal of starch iodine complex by penicillolc acid which 
forms when penicillin is cleaved by beta-lactamase.
A 20 ml solution of Benzyl penicillin (0.03 g l” 1) stored at 
4°C was mixed with 3 ml of iodine solution (203 g KI and 10 g 12 per 
litre, stored in the dark) and used to flood the test plates. 
Isosensltest agar was used in this assay, because it contains soluble 
starch which provides the blue-black colouration on reaction with 
iodine. After the solution uniformly stained the plate a bluish-black 
colour (10 - 15 sec), the mixture was discarded and the plates drained. 
All the colonies were initially dark yellow brown colour, however 
plasmid containing colonies soon began to turn white on the stained 
agar surrounding those colonies begins to clear, until a 'halo' around 
the colony was formed. This halo increased in size with tine. In
contrast, those colonies which had lost their plasmid remained brown in 
colour, where no localised clearing occurred. After 15 min, there was 
a general clearing of media. To obtain optimum results with this 
technique it was advisable to have less than 200 colonies per plate, 
otherwise clearing around one colony affected adjacent colonies.
2.2.3 Carboxypeptidase Plate Assay
Colonies containing carboxypeptidase gene produce concentric 
yellow halos of precipitated pteroic acid, the insoluble product of 
folate hydrolysis when grown on folate plates.
Folate plates are made up from M9 media containing 0.1Z (v/v) 
folate solution. The folate solution was made up from 100 g folate 
dissolved in 1 litre H2O, its pH was then adjusted to 7.5 with NaOH to 
achieve a clear orange solution which was then stored in a light proof 
bottle at 4°C.
2.2.4 Screening for Recombinants usina 1-Gal Plates
M13 viral DNA and the pUC vectors contain within their linker 
region, the so-called alpha peptide. This is a portion of the lac gene 
of E. coli. including the operator, promoter and the N-terminal of 
beta-galactoaidase which is functional when in the E. coli host JM101; 
Which carries its own defective beta-galactosidase on its partially 
deleted chromosomal locus. The two defective beta-galactosidase 
polypeptides complement each other and thus produce a functional beta- 
galactosidase. This hydrolyses the colourless X-Gal compound and 
results in blue colouration of plaques containing M13 and colonies 
containing pUC vectors without cloned inserts. Consequently this 
provided a convenient screening method for vectors possessing cloned
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inserts in the polylinker region because these plaques and colonies 
will be white when plated out on X-Gal plates.
2.2.5 Transformation of E. coli Coepatent Cells
This is the procedure used to introduce plasmid DNA into E, 
coli cells and is a modified version of that described by Cohen 't ml. 
(1972). A fresh stationary phase overnight culture, was used to 
inoculate 50 ml of L-broth, and grown in a 500 ml conical flask at 
37°C to an 0D450 nm of 0.6. The flask was then placed on ice for 20 
min, the culture was then centrifuged (1,000 g for 10 min at 4°C). The 
pellet was resuspended in 25 ml 0.1 M MgCl2 and repelleted. The cells 
were then resuspended in 2.5 ml 0.1M CaCl2 and held on ice for at least 
2 hr. The cells were then competent for a period up to 24 hr, after 
this time the efficiency of transformation decreases rapidly back to 
its original level.
10 0 /il of the competent cells were added to the transforming 
DNA (10 Hi or less) and then left on ice for 30 min. The cells were 
then heat shocked at 42°C for 2 min, and placed on ice for a further 30 
min. During this period the DNA was taken up by the cells. The 
transformed cells were then allowed to come to room temperature. The 
competent cells were then diluted serially, plated out onto a selective 
media and Incubated overnight at 37°C.
2.2.6 Small Scale Plasmid Preparations
This method derived from Holmes and Quigley (1981) is used 
routinely for the rapid Isolation of plasmid DNA from small cultures 
and colonies from plates. The yield of DNA from this method is of 
sufficient quantity and quality for 3 restriction digests (0.75 ng); 1
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ml of a 5 al overnight culture or 1 ml froa a 1 al 5 hr culture, can 
provide enough cella to give sufficient yield of DNA. The cells were 
pelleted in a 1 al Eppendorf tube, the medium removed and the pellet 
resuspended in 100 fll STET buffer 8 fil of freshly prepared lysozyme 
(10 mg al~l) was added and left on ice for 5 min. The Eppendorf tube 
was then placed in a boiling water bath for 40 sec. The suspension was 
then centrifuged for 10 min in a bench top aicrocentrifuge. This
separated the cell debris as a spongy pellet from the supernatant which 
contains the plasmid DNA, the pellet was removed with a toothpick. To 
the supernatant an equal amount of propan 2—ol (75 Jil) was added, 
mixed, then kept at -20°C for 60 min. The suspension was then
centrifuged and the ethanol removed. Any excess solvent remaining was 
removed by dessication under vacuum. The pellet produced was 
resuspended in TE buffer and the extrachromosomal DNA was ready for 
analysis.
2.2.7 Large Scale Plasmid Preparations
The purification of plasmid DNA froa E. coli strains utilised 
a modified method froa that described by Clewell and Helinski (1969).
A single colony from a fresh L-agar plate was used to 
inoculate 200 al of L-broth in a 500 ml conical flask. The cells were 
grown at 37°C with minimal agitation until 0D650 nm reached 0.9. 
Chloramphenicol (170 g ml~l final concentration) was then added to the 
culture and left growing overnight. The cells were harvested by 
centrifugation (15,000 g for 10 ain at 4°C) the pellet was then 
resuspended in 5 ml 25X (w/v) sucrose; 50 mM Tris-HCl (pH 8.0), then 1 
ml of lysozyme (10 mg al~l in 25 aM Tris-HCl; pH 8.0) was added and 
left on ice for 2 min. 2 al of 250 mM EDTA was added and mixed on ice
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for 2 ain. 8 ml of Brij/DOC solution (1Z, w/v, Brij 58; 0.4X, w/v, 
sodium deoxycholate in 50 mM Tris- HC1; 25 sM EOTA, pH 8.0) was added,
mixed and allowed to stand for 5 min. The lysed cells were then
transferred to a 30 ml polypropylene centrifuge tube and centrifuged 
(45,000 g, 30 min at 4°C). The pellet produced contains the cell
debris and the majority of the chromosomal DNA. The supernatant
containing the plasmid DNA, was further purified on a CsCl gradient.
2.2.8 Isolation of Plasmid DNA by Centrifugation on a CsCl Gradient
Purification of plasmid DNA was carried out by centrifugation
to equilibrium in a CsCl-EtBr gradient. For every 1 ml of DNA 
solution, 1 gm of CsCl and 0.1 ml EtBr solution (10 mg ml“*) was 
added. The CsCl solution is transferred to 10 ml Beckman Quick-Seal 
Centrifuge tubes. The centrifugation was carried out at 15°C, 48K 
(200,000 g) for 48 hr. After centrifugation the plasmid band was 
visualised with a U.V. transilluminator (TM 36, Ultra-violet Products 
Inc., California, USA) and removed using a hypodermic needle Inserted 
into the side of the tube and withdrawn with a 2 ml syringe. The 
ethidium bromide was removed by extracting three times with isoamyl 
alcohol saturated with CsCl. CsCl was removed by dialysis against 
three changes of TE buffer at 4°C. The TE buffer was changed after 2, 
4 and 12 hr of dialysis.
2.2.9 Plasmid Purification
Estimation of the concentration and purity was carried out by 
measuring the optical density at 260 nm and 280 nm. An optical density 
reading at 260 nm allows estimation of the concentration of DNA, an 0D 
of 1 corresponds to a DNA concentration of 50 ftg ml-*. The ratio of
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the optical density readings at 260 nm and 280 nm provides an estimate 
of the purity of the DNA. Protein contamination is considered 
negligible where the ratio is 1 . 8  or greater, protein contamination 
will tend to reduce this ratio. Where the protein contamination was 
too high or the DNA concentration was low the sample was subjected to 
phenol extraction to remove proteins and ethanol precipitation to 
concentrate the DNA.
2.2.9.1 Phenol Extraction of DNA
Ultra-pure phenol (BRL) was melted at 55°C and neutralised by 
equilibrating (99:1) with TE buffer. Phenol extraction was carried out 
by the addition of equal amounts of the equilibrated phenol to the 
sample, mixing, allowing to stand for 2 min, then mixing again followed 
by centrifugation in a microfuge for 1 min. The aqueous layer was then 
removed and phenol extractions repeated if necessary. Extractions with 
di-ethyl ether removed traces of phenol in the sample. Ether was 
removed from the sample by incubation at 50°C for 30 min or by passing 
nitrogen over the sample.
2.2.9.2 Precipitation of DNA
DNA was precipitated by the addition of 2 volumes ethanol or 
1 volume propan-2-ol, in the presence of 0.1 volume 3 M sodium acetate 
(pH 5.5). Storage at low temperature allowed the DNA precipitate to 
form, usually -70°C for 20 to 30 min or -20°C for 1 to 2 hr 
(overnight). Centrifugation for 10 min in a microfuge at A°C pelleted 
the DNA, the supernatant was decanted, the pellet dried and resuspended 
in TE buffer.
58
2.2.10 Treatment of DNA with Enzymes
2.2.10.1 Restriction Endonuclease
1 to 5 units of restriction enzyme were used to digest 1 ng 
of DNA in the appropriate digestion buffer and at the recommended 
temperature. After 1 to 2 hr incubation, the digestion was stopped by 
heat inactivation by maintaining the mix at 70°C for 10 min or by the 
addition of 0.5 M EDTA (pH 7.5).
2.2.10.2 Ta  Polynucleotide Ligase
T4 polynucleotide ligase catalyses the formation of 
phosphodiester bonds between complementary 3' hydroxyl and 5' phosphate 
termini ("sticky ends”). It is also possible to join blunt end double 
stranded DNA using T4 DNA ligase under high DNA concentrations.
Digestion of the vector DNA and fragment DNA to provide 
compatible cohesive termini precedes ligation. The concentration of 
vector to fragment DNA used for ligation is approximately 1 to 3 for 
sticky ends and 1 to 10 molar excess for blunt end clonings. Sticky 
end ligations were incubated for 3 to 12 hr at 14°C, while blunt end 
ligations required 24 hr incubation.
A typical ligation mix of 10 pi total volume contained 1 pi 
10 x ligation buffer, 1 pi 10 mM ATP, 1 pi ligase (10 u pi-1) vector 
and fragment DNA made up to the final volume with water. Following 
ligation the mixture was ready for transformation with competent cells.
2.2.10.3 DNA Polymerase. Large Fragment (Klenow)
The 5' - 3' polymerase activity of Klenov was employed for
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dideoxynucleotide sequencing and oligo labelling. The sequencing 
protocol is more fully described in later sections. The oligo- 
labelling protocol was that described by Feinberg and Vogelstein (1983) 
with slight modifications. The reaction wa8 carried out at room 
temperature by the addition of the following reagents in the stated 
order: (i) H2O to a total volume of 50 pi; (ii) 10 pi oligo labelling 
buffer! (ill) 2 pi of 10 mg .1-1 BSA; (1.) DNA; (.) 3 pi of 32p 4Tp. 
(vi) 2 u of Klenow.
The polymerisation reaction reaches a plateau within 2 to 8 
hr, but was normally left Incubating overnight. Prior to hybridisation 
separation of labelled DNA from unincorporated d NTP's was carried out 
by desalting on a Pharmacia PD-10 (G-25) disposable column.
2.2.10.4 Alkaline Phosphatase
The terminal 5' phosphate groups on linear vector molecules 
can be removed by treatment with alkaline phosphatase, preventing self­
ligation of the linear vector molecules, thus reducing the efficiency 
of cloning. This is due to the poor ability of linear vector DNA to 
undergo ijn vivo circularisation and therefore resulting in very low 
frequency of transformation of vector molecules alone. The removal of 
the terminal 5' phosphates of the vector DNA, leaves the 3' hydroxyl 
ends available for joining to the 5' phosphate terminals of fragment 
DNA to be cloned. In this way self ligation is minimised since T$ DNA 
ligase requires 5' terminal phosphate on one of the precursor 
molecules.
Calf intestinal phosphatase (CIP) used at 1 u /il- 1  and 
incubated at 37°C for 90 min. After this period the reaction can be 
terminated by heat denaturation (70°C for 10 min) or removal by phenol
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extraction.
2.2.11 Agarose Gel Electrophoresis
Electrophoresis through agarose gels was the method used to 
routinely separate, Identify and purify DNA fragments. The rate of DNA 
migration through the gel is dependent on the concentration of agarose. 
It was therefore possible using gels of different agarose concentration 
to resolve a range of different sized DNA fragments.
The agarose was dissolved by heating in the appropriate 
buffer at the required concentration for efficient fragment separation. 
Following cooling the agarose was poured into the cast (either 
horizontal or vertical) allowed to cool until set, and was then ready 
to be set up for electrophoresis.
2.2.11.1 Vertical Gels
Vertical gels are used for running large volumes of digested 
DNA for fragment isolation. The gels were run overnight at 15 mA or at 
50 mA for at least 3 hr in TBE electrophoresis buffer. After the gel 
has been run it was stained in EtBr (0.5 /lg ml-*) for 30 min prior to 
being photographed. The EtBr stained gels were photographed on a UV 
transilluminator (Transilluminator model TM36) using a Polaroid MP-4 
camera, 667 film and fitted with a Kodak Wratten Filter No. 9.
2.2.11.2 Mini Gels
A horizontal gel system was used for the rapid analysis of 
digest and for fragment isolation. Gels were run at 100 V 60 mA in TBE 
electrophoresis buffer for approximately 60 min. Usually the EtBr (0.5 
/ig ml- 1 ) was Incorporated into both the gel and the running buffer prior
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to electrophoresis. This enabled the gel to be examined directly on 
the UV transilluminator at the end of the run.
2.2.11.3 Horizontal Gels
Were used for the analysis of a large number of digests and 
can be run in a double decker fashion to double the number of samples 
run on one gel. The gels were run overnight submerged at 100 V or 
using a wick at 60 V using TBE electrophoresis buffer. Glycine 
horizontal wick gels were used for more accurate analysis of digests. 
The electrophoresis buffer used in this system was glycine buffer. The 
gels were run at 240 V for 2 to 3 hr. Staining and photographing the 
gels are the same as for vertical gels.
2.2.11.4 Sizing DNA Fragments
Molecules of linear double stranded DNA travel through 
agarose gels at rates which are inversely proportional to the log 1 0  of 
the molecular weight. Therefore the distance migrated by standards of 
known molecular weights can be used to calculate the molecular weights 
of unknown fragments in the gel run alongside the standards.
The DNA Star Inc. computer program DIGIGEL was used to 
measure restriction mapping gels. The migrations of standard fragments 
were used to plot a mathematical approximation to the migration curve. 
Unknown fragment migrations were measured and the fragment sizes were 
interpolated from the migration curve.
2.2.11.5 Tracking Dre
Prior to loading on a gel, samples were mixed with a high 
density solution (tracking dye) to aid loading DNA solution into wells.
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The tracking dyes were also used to indicate the migration front of the 
electrophoresis buffer and the position of fast moving fragments in the 
gel.
2.2.12 Recovery of DNA from Agarose Gels
After the agarose gel had been run and stained, the DNA band 
of interest was located using a long wave transilluminator (to minimize 
UV damage to the DNA). The agarose containing the band was excised and 
placed in a dialysis tube filled with 0.5 x TBE, completely covering 
the gel. The sealed tube was then placed in an electroelution tray 
parallel to the electrodes in 0.5 x TBE. The electroelution conditions 
were 200 V for 2 hr, during this period the DNA was electroeluted out 
of the gel and onto the inner wall of the dialysis tube. Removal of 
the DNA from the wall of the dialysis tubing into the electroelution 
buffer was done by diffusion, i.e. leaving the tubing in the buffer 
without a potential difference across it or reversal of the polarity of 
the current 3 times for 5 min. The tube was then opened and the 
buffer surrounding the gel slice removed. The DNA in the buffer was 
then extracted with isoamyl alcohol removing the ethidium bromide 
present. Further purification and concentration follows before DNA can 
be used (2.2.9).
2.2.13 Quantitation of DNA
2.2.13.1 Spectrophotometrlc Determination of DNA
The optical density at 260 nm was used to estimate the 
concentration of DNA. An optical density of 1 corresponds to 
approximately 50 fig ml”l for double stranded DNA, A0 fig ml” l for single
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stranded DNA, and 20 fig el“ 1 for oligonucleotides. Accurate 
quantitation of DNA is only possible where the sample is relatively 
pure.
2.2.13.2 Diphenylamine Assay
This was used to estimate the concentration of low levels of 
DNA. The procedure was as described by Burton (1956) and subsequently 
simplified by Giles and Myers (1965). DNA concentration was estimated 
by comparison against a standard curve obtained from calf thymus DNA. 
Standard DNA stock solution, 6 mg ml“ 1 was degassed and stored at 4°C. 
Diphenylamine reagent (0.4 g diphenylamine dissolved in 40 ml glacial 
acetic acid with 1 . 1  ml concentrated sulphuric acid), was used on day 
of preparation. The stock solution of DNA was diluted with TE buffer 
to cover the required range, usually between 1 fig - 10 0 /lg ml”1.
2 ml of diphenylamine reagent was then added to the 1 ml DNA 
solution and boiled for 10 min in a fume cupboard. The solutions were 
then allowed to cool, mixed and then the optical density at 600 nm was 
recorded. The DNA concentrations were estimated by reference to the 
standard curve (Fig. 2.1).
2.2.14 Sequencing with Chain Terminating Dldeoxynucleotides
The method used is essentially that described by Sanger et 
al. (1977) with alterations described in personal communication with N 
Minton.
2.2.14.1 Ml3 Sequencing Vectors
Vectors used are a aeries of M13 mp bacteriophages developed
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Fig. 2.1
Standard Curve used for the Determination of DNA Concentrations
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by Messing (1983) specifically for DNA sequencing with universal M13 
primers.
2.2.14.2 Urge Scale Preparation of Bacteriophage
10 ml of the supernatant of a plaque infected JM101 culture 
was used to inoculate a l l  culture of JM101 in L-broth when at an 
optical density at 600 nm of 0.6. The culture was harvested 4 hr later 
and a conventional large scale plasmid prep was carried out to isolate 
the replicating form (RF) of the viral DNA.
2.2.14.3 Transfection
The method used to introduce the Ml3 vector into E. coli 
cells was identical to that described by Cohen et al. (1972) for 
transformation. The transformed cells were mixed with exponential and 
spread onto agar with H-top to obtain a lawn. Vectors containing 
inserts could be identified using a beta-galactosidase complementation 
assay using X—Gal and IPTG in the overlay.
2 . 2 . 1 4 . 4  P r e p a r a t i o n  o f  T e m p la te s  f o r  S e q u e n c in g
The plaques providing the DNA to be sequenced were used to 
infect 2 ml of 2 x YT containing 1/100 fold dilution of an overnight 
JM101 culture. This culture was then grown at 37°C for 5 hr, 1.5 al of 
this culture was then pelleted, the supernatant was then decanted and 
added to 250 /Al of PEG (2.5 M NaCl, 20X PEG 6000). After 15 min at 
room temperature the mixture was centrifuged for 5 min to obtain a 
pellet, any traces of the PEG solution were removed at this stage and 
100 Hi of TE was added to the pellet which was then extracted with 
phenol. Traces of phenol were removed with several extractions of
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ether. 10 /tl of Na Acetate (3 M pH 5.5) and 250 /il ethanol were added 
and frozen at -70°C for 60 min. Following the ethanol precipitation, 
the DNA was pelleted by centrifugation and desiccated to remove traces 
of EtOH. The DNA pellet was then resuspended in 25 fil TE and stored 
frozen in Eppendorfs until used.
2.2.14.5 Sequence Reactions
The single stranded template and primer in equimolar 
quantities were annealed in TM buffer, annealing takes place in an 
Eppendorf tube maintained at 80°C in a water bath for 3 min and allowed 
to cool to 30°C. Primed synthesis was then effected by the addition of 
DNA polymerase (Klenow) fragment, which lacks 5' exonuclease activity, 
and the 4 precursor nucleoside triphosphates (dNTPs) one of which is 
radioactively labelled in the alpha position so that the reaction 
products can be visualised by subsequent autoradiography. Specific 
termination at each of the 4 different nucleotides is brought about by 
addition, at the same time chain terminating dideoxy nucleotide 
triphosphates (ddNTPs). These are incorporated randomly at which point 
the chain cannot be further extended because the ddNTP lack the 
3'hydroxyl group. Four separate reactions are carried out each with a 
different ddNTP present yielding 4 separate sets of reaction products 
ending in a specific ddNTP. Any chains not ending in ddNTPs are then 
chased out by flooding the reaction mixture with a solution of all 4 
dNTPs. These chains will stay at the top of the gel in the subsequent 
fractionation procedure because of their high molecular weight. Prior 
to loading the reaction was stopped by the addition of 4 /x 1 of 
formamide dye and boiling for 3 mins in a water bath.
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2 .2 .1 4 .6  Ac ry lam ide  Ge l F ra c tio n
By creating a gradient of potential difference down the gel 
it is possible to Increase the size range of fragments that can be 
separated on an acrylamide gel. This was achieved by utilising the 
differing resistances of different ionic strength buffers. A potential 
difference gradient was generated by a gradient of TBE gel buffer
concentration with a high voltage drop across a low concentration of 
TBE at the top of the gel and a low voltage drop across a high
concentration of TBE at the bottom. The overall effect reduces the 
band spacing over the lower portion of the gradient and to increase the 
band spacing over the upper part of the gel. A crude gradient was 
obtained by drawing up 6 ml of a 40 ml stock of 0.5 TBE gel mix
polymerised with 80 pi TEMED and 80 pi 25Z (w/v) APS (150 ml 40Z
Acrylamide, 50 ml 10 x TBE, 460 g Urea made up to litre with H2O) 
followed by 7 ml of 5.0 TBE gel mix polymerised with 14 pi TEMED and 14 
pi 25Z (w/v) APS (150 ml 40Z Acrylamide, 500 ml 10 x TBE, 460 g Urea, 
50 mg Bromophenol Blue, made up to litre with H2O) and introducing 2-4 
air bubbles.
The gradient can then be poured slowly into the gel template 
in the usual manner. As the last of the gradient gel solution enters 
the gel template it should be lowered to horizontal to slow down the 
rate of entry until the template can be carefully filled with the 
remaining 0.5 TBE stock.
2.2.14.7 Running Conditions
The gel is best run at constant power of around 40 Watts as 
this maintains a hot, denaturing environment in the gel, thereby 
reducing the artefacts produced by secondary structures. At this
setting the voltage varies between 1.2 - 1.5 KV and the current between 
26-33 mA. The minimum running time depends on the vector, insert and 
cloning sites used.
2.2.14.8 Fixing and Autoradiography
After the gel had been run it was fixed with 10Z v/v Acetic 
acid and 10Z v/v Methanol for IS min. The gel was then dried, placed 
in a film cassette with X-Ray film in direct contact with the gel and 
left exposing overnight.
2.2.15 Colony Hybridization
Using a method adapted from Grunstein and Hogness (1975) it 
was possible to screen a large number of clones with a radioactive 
probe. The colonies to be screened were picked onto a nitrocellulose 
filter, grown, lysed and then the liberated DNA fixed to the filter by 
baking. After hybridization to a 32P labelled probe, the filter was 
monitored by autoradiography. A colony whose DNA gives a positive 
autoradiographic result can then be recovered from the master plate. 
This method can also be adapted for bacteriophage plaques.
Lysis of the colonies was carried out on several layers of 
Whatman 3 MM paper saturated with different solutions. Lysis was 
initiated by treatment with 0.5N NaOH for 10 min, followed by 3 
treatments with 1.0 M Tris-HCl (pH 7.4) of 10 min duration. The 
filtera were then treated with a neutralising solution 1.5M NaCl, 0.5M 
Tris-HCl (pH 7.4) for 10 min.
The filters are then immersed for 1 hour in 1 x SSC 
containing 1 mg ml- 1  Proteinase K. The filters were then washed twice 
with 2 x SSC removing all cell debris from the filters. The filters
are then allowed to dry at room temperature for 30 min before being 
baked for 2 hr at 80°C in a vacuum oven. The filters were then 
prehybridized for 2 hr at 37°C in prehybridization solution, the probe 
was then added and left to incubate overnight at 37°C. The filters are 
then washed several times with 2 x SSC before being dried and 
autoradiographed.
2.2.16 Carboxypeptidase (CPG?) Assay
0.9 mis of CPG2 buffer (0.8 ml if levels of CPG2 are high) 
were mixed with 0.1 ml methotrexate (5.A mg in 20 mis CPG2 buffer) and 
incubated in a 1 ml cuvette at 37°C.
10 Hi to 50 /¿I of the sample to be assayed was added to the 
incubated mixture and the rate of change of optical density at 320 nm 
was measured. Complete hydrolysis gives an absorbance change of 
approximately 0.5 at 320 nm. The molar extinction coefficient at 320 
nm was 8,300 at pH 7.3 and 37°C.
2.2.17 C h lo r o M p h e n l c o l  A c e t y l  T r . n a f . r . » .  (C * T ) A ssay
A coupled spectrophotometric assay which measured the 
cleavage of acetyl-coenzyme A was used. The reduction at 37°C of 5,5- 
dithio-bis-2-nitrobenzoic acid (Ellman's reagent or DTNB) by reduced 
CoA was followed at 412 nm. 0.95 mis of CAT buffer was incubated in a 
1 ml cuvette at 37°C. 5 to 50 ¿¿1 of sample to be assayed was added
depending on enzyme concentration. The addition of 20 /¿I of 
chloroamphenlcol (1.6 mg ml"1) initiated the reaction. The initial 
rate of reaction was followed at 412 nm.
The molar extinction coefficient at 412 nm was 13,600 at pH
7.8.
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2 .2 .1 8  Beta-lactamase Assay
Nitrocefin is a cephalosporin used to detect beta-lactamase 
activity. In aqueous solution at pH 7.0, with the lactam ring intact, 
nitrocefin has a main absorption peak at 390 nm. Cleavage of the 
lactam ring by the action of the lactamase results in a shifting of the 
absorption peak to 486 nm.
A stock solution of Nitrocefin was prepared by dissolving S 
mg of Nitrocefin in 0.5 mis dimethyl sulphoxide and then subsequently 
made up to 10 ml with 0.1 M potassium phosphate buffer at pH 7.0 
containing 1 mM EDTA.
1 ml of the Nitrocefin solution was incubated in a 1 ml 
cuvette at 30°C. 5 to 50 fil of the sample to be assayed was added. 
The initial rate of reaction was followed at 480 nm. The molar 
extinction coefficient at 486 nm was 18,350 at pH 7.0.
2.2.19 Protein Assay
Protein assays, based on Coomassie blue protein binding were 
carried out using Pierce protein assay reagent. BSA stock solution was 
diluted to produce a range of protein concentrations, around the 
unknown concentration. 50 /il of test sample was added to 1 ml of 
water, a similar volume of water was added to standards. To this was 
then added 1 ml of Protein assay reagent, and after 5 min the optical 
density at 595 nm was recorded against a blank. A calibration curve of 
known concentration of BSA against absorbance at 595 nm was plotted. 
From this calibration curve the concentration of the test sample can be 
determined.
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2 .2 .2 0  Po lyac ry lam id e  Gel E le c tro p h o re s is  (PAGE)
Bio-Rad's 'Protean' double slab electrophoresis cell was used 
for all polyacrylamide gels. The gel slabs had the dimensions IS cm x 
14 cm x 0.2 cm.
2.2.20.1 Linear Gel
Essentially that described by Laemmli (1970). A running gel 
consisting of 15 ml Acrylamide solution was added to 22.5 ml of 2 x 
running gel buffer and made up to 45 ml with water. This mixture was 
then degassed and polymerised by the addition of 0.5 ml 10Z (w/v) APS 
and 20 ft 1 TEMED. This was then poured into the cast and allowed to set 
before casting the stacking gel. The stacking gel consists of 2 ml 
Acrylamide solution, 6 mis 2 x stacking gel buffer made up to 12 ml 
with water. This mixture was also degassed and polymerised by adding 
0.1 ml 10Z (w/v) APS and 10 /il TEMED. Placing the comb in the gel 
displaces any bubbles and any excess mixture. After 20 min 
polymerisation was complete and the comb was carefully removed. The 
wells were then flushed with electrophoresis buffer.
2.2.20.2 Gradient Gel
Gradient gels were utilised to obtain greater resolution of 
low molecular weight proteins. The gradient required for the gel is 
produced by the mixing of two solutions (light and dense) in a gradient 
mixer. The dense solution consists of 18 ml 40Z (w/v) acrylamide 
solution, 3.8 ml 3Z (w/v) bis-acrylamide solution and 4.5 ml lower 
Tris. The light solution contains 5.4 ml 40Z (w/v) acrylamide, 2.3 ml 
3Z (w/v) bls-acrylamide and 4.5 ml lower Tris made up to 26 ml with 
water. A gradient maker was used to mix 15 ml of the light and dense
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solutions once they are 0.18 ml 10X (w/v) APS 14 /ll TEHED. Once the 
gels hsve been poured the gel cen be overlsyed with 30X methanol and 
25X lower Tris. Following polymerisation the overlay solution can be 
removed and the top of the gel rinsed with water. The stacking gel 
consists of 1.1 ml Acrylamide solution, 2.5 ml upper Tris and made up 
to 10 ml with water 50 ftl 10X (w/v) APS and 85 /ll TEMED will polymerise 
the stacking gel.
2.2.20.3 Sample Preparation
A sample from a fermentation culture was prepared for running 
on a polyacrylamide gel by diluting the sample to an optical density of 
0.2 at 600 nm 0.5 ml of this diluted sample was then added to 100/ll of 
sample buffer, sonicated for 5 sec and then boiled for 5 min. 2 5 /il of 
the treated sample was then loaded on the gel.
For a sample of cell paste, 10 mg of cell paste was added to 
400 /ll of sample buffer and then treated as before. 20 /ll of sample 
was loaded on the gel.
2.2.20.4 Runnina Conditions
Linear gels were run at 30 mA for approximately 5 hr. 
Gradient gels run st 40 mA required 8 hr. The electrophoresis buffer 
used was SDS—PAGE buffer.
2.2.20.6 Stainina and Destainina
Gels were staining with a Coomassie blue solution for 
approximately 2 hr. While destaining was normally overnight with 
slight agitstion.
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Destained gels were shrunk and dried between two transparent 
membranes. The dehydrated transparent gel was then 'scanned using a 
Joyce-Loebl Chromoscan 3. The areas under the traced peaks
corresponding to the protein bands are given as integral values which 
can then be used to expresses an individual protein component as a Z 
total amount of the soluble protein.
2.2.21 Estimation of Copt Number
There are several methods available to estimate the plasmid 
copy number. They can be classified into two groups; Methods which 
employ gene dosage and those methods which measure the ratio of plasmid
to chromosomal DNA.
2.2.21.1 Measurement of Gene Dosage
Depends upon the gene dosage dependent production of 
antibiotic inactivating enzymes, as demonstrated by Uhlin and Nordstrom 
(1978). This method is therefore limited to plasmids which encode 
antibiotic inactivating enzymes such as beta-lactamase.
The beta-lactamase activlty/cell of bacteria containing an 
unknown number of plasmids which code for enzyme activity is measured, 
and related to the beta-lactamase activity/cell of bacteria containing 
a known number of plasmids. It is therefore possible to estimate the 
number of plasmids per cell with reference to a standard cell/plasmld 
combination, usually pBR322/HB101, which has a quoted copy number of 
50.
2 .2 .2 0 .6  Q u a n tita t io n  o f  P ro te in  Components in  Gel E le c tro p h o re s is
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2.2.21.2 Measurement of Plasmid/Chromosome Ratio
This can either be done by hybridisation analysis of total 
DNA or by physical separation of plasmid and chromosome species. The 
latter method was employed in our study of copy number. This technique 
involves screening whole cell lysates, utilising the electrophoretic 
separation of plasmid and chromosome DNA species on agarose, and then 
quantifying the amount of DNA in the bands. The screening method was 
a modified version of that described by Eckhardt (1978) and further 
adapted for copy number estimation by Projan et al. (1983). 1 ml of
culture diluted to an optical density of 2.0 at 600 nm was centrifuged 
in an eppendorf centrifuge for 5 min, the pellet was then resuspended 
in a lysing solution (20 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mM NaCl, 
20% w/v sucrose, 25 /¿g ml-1 lysozyme, and 2 units ml-1 pancreatic 
RNase). This suspension was then incubated at 37°C for 30 min. Lysis 
was effected by addition of 100 fll 21 SDS while vortexing the cells. 
The lysate was vortexed at top speed for an additional minute, freezed- 
thawed (-70-37°C) twice and treated with Proteinase K at 10 /¿g ml-1 for 
30 min at 37°C. The sample was prepared for electrophoresis by 
addition of 50 fi\ of tracking dye.
The gels obtained from the electrophoresis of the whole cell 
lysates are stained and photographed in the usually manner. A negative 
of the photographed gel was scanned using Joyce Loebl Chromoscan-3. 
The scanner gives an integral value of the area under the peaks which 
correspond to chromosome and plasmid on the gel. The ratio of plasmid 
to chromosome was then used to calculate the copy number (Fig. 2.2).
2.2.21.3 Definition of Plasmid Copy Number
Copy number was defined throughout this thesis as the number
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F*& t 2r?
Estimation of Co p t Number using the Plaamld/Chromoaome Ratio
Electrophoretic separation of plasmid and chromosome species on an 
agarose gel was quantitatively estimated by scanning a photographic 
negative of the gel. The Integral values obtained corresponding to the 
plasmid and chromosome species were then used to caleualte the number 
of plasmids per chromosome equivalents in the following equation.
Copy number ■ Plasmid Integral x Mwt of chromosome 
Chromosomal Integral Mwt of plasmid
TOT. INTEGRSL* 37-II
PESK POSITION HEIGHT BELZ INTEGRHL PESK POSITION HEIGHT BELT: INTEGRAL
scan length* is nn. aperture width- a.i an.
0
LENGTH OP X-axis* 20 NN.
2 «.3
2 11.
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of plasmids per chromosome equivalent. Defining copy number as copies 
per chromosome, rather than copies per cell relies on the ability to 
assume that »Jch chromosome was associated at all times with a specific 
number of plasmid copies.
It has been shown from a variety of studies (Rownd, 1969; 
Bazaral and Helinski, 1970; Gustafsson and Nordstrom, 1975; Gustafsson 
et al., 1978) that plasmid copy number is controlled and varies 
independently of chromosomal replication; both plasmid and chromosomal 
content vary under different growth conditions and they do so 
independently. Therefore, the definition of copies per chromosome can 
only be used with confidence when applied to the relative copy number 
of different plasmids in the same host when all measurements were done 
under constant growth conditions.
2.2.22 Continuous Culture
2.2.22.1 Apparatus .nil Culture Condition.
Continuous culture was carried out in a LH500 series 
fermenter and control package. A flow diagram of the continuous 
culture apparatus (chemostat) are described in Fig. 2.3. A l l  
continuous culture vessel was used with its overflow height set to a 
working volume of 600 ml. Cultures were maintained unless otherwise 
stated in the text at 37°C ± 1°C and at a pH of 7.0 + 0 . 1  with an 
aeration rate of 1 vvm. Following Inoculation cultures were allowed to 
grow batchwise for A to 5 hr before the flow of fresh medium was 
initiated. The dilution rate (D) was set to 0.1 hr-*, which was 
equivalent to a mean generation time of 6.93 hr. Samples were removed 
periodically and serial diluted onto isosensitest agar from which the Z
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ApR cells in the population could be calculated. Viable counts and
dissolved
conditions
oxygen tension (DOT) gave a guide to 
existing in the culture.
the steady state
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INTRODUCTION
A cis acting DNA region of pSClOl designated par was shown to 
confer segregational stability not only to pSClOl but also to the 
unrelated plasmid pACYC184 (Meacock & Cohen, 1980). par is thought to 
cause the accurate partitioning of plasmids at cell division by binding 
to specific sites on the outer membrane fraction of the host cell 
(Gustafssen et. «1., 1983). The par function has previously been
utilised in expression vectors (Skogman £t al.. 1983; Zurita et. al.. 
1984), although complete stability was not obtained, an increase in 
stability over the par" vector was achieved.
Since a basic requirement of our vectors would be 
segregational stability, it was of interest to investigate the 
stability of our commonly used vectors and the effect par has on them. 
There are several reports in the literature of certain DNA elements 
e.g.. ISSO, Lambda, Mu, Pi and P2 (Hartl et al., 1983; Edlin et al.. 
1975; Edlin et al., 1977; Lin et al.. 1977; Biel and Hartl, 1983) 
conferring a growth advantage on host cells containing them. The 
possibility that par enhances the ability of a host cell to compete 
favourably with any plasmid-free cells which may arise, was therefore 
also examined.
Continuous cultivation in a chemostat was chosen as an 
effective method to examine the stability of plasmids, since continuous 
cultivation at low growth rates with phosphate or carbon nutrient 
limitation have been shown as particularly likely to emphasise any 
segregational instability a plasmid may exhibit (Jones et ¿1.., 1980; 
Wouters e£ al., 1980; Noack et. aj.. , 1981). The study of competition 
between plasmid-free cells and plasmid-bearing cells is difficult to
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)perform in batch culture due to fluctuations in both nutrient 
availability and physiological state of the cells. These problems were 
overcome with the use of continuous culture techniques.
RESULTS AND DISCUSSION
3.1 Plasmid Stability under Continuous Cultivation
The stability of pAT153, pNM21, pUC8 and their ¿ar 
derivatives in the E. coli host W5445 were examined by continuous 
culture. Cultures were subjected to either glucose or phosphate 
nutrient limitation in non-selective medium at a dilution rate of 0.1
hr“*.
3.1.1 Stability of pAT153
pBR322 in the host W5445 when grown in a chemostat under 
phosphate limitation produced plasmid free segregants after 50 
generations, resulting in complete plasmid loss from the culture (Jones 
et al., 1980). A similar loss was observed by Wouters et al.. (1980) 
when pBR322 was in the host PC221. The pBR322 species used by Wouters 
et al.. (1980) and Jones et al., (1980) is regarded as being 
genetically different from the pBR322 species used by Noack et^  al.. 
(1981) which did not exhibit instability in the hosts GY2354 and GM31. 
Although the genotypes of the host strain and experimental differences 
in medium might also be reasons for the contrary results concerning 
pBR322, pAT153, the high copy number derivative of pBR322 (Fig. 3.1)
(Twigg and Sherratt, 1980), also provides contradictions. Jones and 
Melling (1984) explained the stability of pAT153 in HB101, in contrast 
to the instability observed in W5445 observed by Primrose et al.
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Fl«. 3.1 
Plasmid pBR322
Schematic diagram of pBR322, showing the location and direction of 
transcription of the hla and tet genes. The origin of replication, 
showing the direction of the RNA IT transcript is also identified. The 
two contiguous Haell B and G fragments which on deletion produce pAT153 
are also Identified.
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(1984), as being due to host genetic background variation. Another 
possible explanation is that insufficient generations were allowed to 
elapse before plasmid-free segregants manifested themselves. pAT153 
stability was only monitored over 100 generations, while pAT153 
instability was observed after ISO generations. In an attempt to 
resolve this paradox, an 'in-house' construction of pAT153 in the 
strain W5445 was monitored under the carbon and phosphate limiting 
conditions of a chemostat. pAT153 in W5445 proved to be stable for 
over 100 generations (Fig. 3.2). The stability of pAT153 provides a 
reference point to which all subsequent constructions can be compared.
pAT153 is maintained in the population over a longer period 
of time than pBR322, showing greater stability. The persistence of 
pAT153 compared to pBR322 could be explained by the elevated copy 
number of pAT153 compared to pBR322 (Table 3.1). pBR322 has a copy 
number of SO (Timmis, 1981) while pATlS3 has a copy number of ISO due 
to the ROP deletion (Cesareni et al.. 1984). It can be postulated that 
pATlS3 in the host WS44S will after prolonged cultivation have produced 
plasmid free segregants, and it is only due to the raised copy number 
of pATlS3 in contrast to pBR322 that it does not result in plasmid free 
segregants sooner.
Twigg and Sherratt (1980) described pAT153 as a 'potentially 
useful cloning vector' because of its higher copy number and its low 
frequency of mobilisation; considered an advantage in terms of 
biological containment for i£ vitro genetic manipulation. It was for 
these reasons that pAT153 has become ubiquitous in genetic engineering, 
only recently superceded by the pUC series of cloning vectors developed 
by Vieira and Messing (1982).
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Fin. 3.2
Segregations! Stability of PAT153 In the Host W5445
Grown under carbon ( •  ) and phosphate ( O  ) limiting conditions. 
pAT153 shown to be stable over a 100 generation under both forms of 
nutrient limiting conditions.
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T able  3 .1
Calculated Copy Numbers froe Plasmid/Chromosome Ratios Obtained from 
Densitometry of EtBr-Stained Electrophoretic Gels
Host Plasmid Plasmid size 
kb
Copy Number 
copies per chromosome
Z Standard 
deviation
(a) (b) (c)
W5445 pBR322 4.36 50 +4.3 3 10
W5445 pAT153 3.68 147 +4.0 3 21
W5445 pAT153 par 4.10 195 +2.7 3 19
W5445 pNM21 8.20 55 ♦3.7 3 7
W5445 pNM21 £ar 6.10 44 +4.2 3 7
W5445 pl)C8 2.72 495 +4.3 3 18
W5445 pUC8 par 3.20 460 +1.8 3 23
Plasmid copy numbers were calculated per chromosome. Assuming one 
plasmid per chromosome equivalent exists and based on a figure of 3.8 x liP 
kb for the size of a non-replicating E. coli chromosome (Shepard and Polisky, 
1979).
The calculated copy numbers per chromosome equivalent are given in 
column (a), the standard deviations in column (b) and the number of 
independent trials in column (c). The copy number calculation was as 
follows:
Copy number - plasmid x Size of E. coll chromosome (Kb) 
chromosome Size of plasmid (kb)
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3 .1 .2  S t a b i l i t y  o f pNM21
pNM21 was derived from the cloning of the Pseudomonas gene 
encoding CPG2 (cpr) as a BrIII fragment into the BamHI site of pAT153 
(Fig. 3.3). Expression was from its own promoter and read through from 
the tet promoter of pAT153 (Minton et al.. 1983a).
Having established previously (3.1) that pAT153 is stably 
maintained for 100 generations under both carbon and phosphate 
limitation, the expectation was that pNM21, employed as an expression 
vector, would exhibit the stability of pAT153. However, pNM21 was lost 
from the host W5445 after 10 generations under phosphate limitation and 
after 30 generations under carbon limitation (Fig. 3.A). This 
stability is more characteristic of pBR322 than pAT153; on examination 
the copy number of pNM21 was found to be 55 (Table 3.1). The cloning 
of the c pr gene into pAT153 has effectively reduced its copy number to 
a level comparable with pBR322 and in so doing has increased its 
segregational instability.
pNM21 in W5445 was the plasmid host combination used in the 
batch fermentation for the large scale production of CPG2 . A recurring 
problem in the batch growth of W5445 containing pNM21 was plasmid 
instability. When monitoring the fermentation, segregational 
instability invariably took place half way through a typical 12 hour 
fermentation (Fig. 3.5). This plasmid loss has a correspondingly 
negative effect on the expression of CPG2 . Therefore any element that 
could maintain the plasmid in the population until the end of the 
fermentation would increase expression and the final yield obtained.
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Flat 3t3 
Plasmid pNM21
Schematic diagram of pNM21, showing the position and orientation of the
cpg gene within the vector.
__ Jcs
E c o R I * * * ^
Grown under carbon ( •  ) and phosphate ( O  ) limiting conditions.
F ig .  3 .4
Seg rega tions ! S t a b i l i t y  o f pNM21 in  the  Host W5A45
pNM21 being lost from the population after 30 generations under carbon 
limitation, while being lost after 10 generations under phosphate 
limitation.
« « ■  3 .5
Variation of CPG-? Expression and Segregations! Stability of 
pNM21 in the Host W5445 During Large-Scale Fermentation
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activity (U.m
g.)
3 .1 .3  S t a b i l i t y  o f pAT153 par
pAT153par contains the complete pAT153 replicon with the 
pSClOl region containing the par locus cloned via EcoRI linkers into 
the EcoRI site of pAT153. The subsequent vector produced was 
designated pAT153 par (Fig. 3.6A). The Aval digest of pAT153 par shown 
in Fig. 3.6B demonstrates the orientation of the par fragment. 
Analysis of pAT153 par stability in the host W5445 under carbon and 
phosphate nutrient limitation of a chemostat revealed no instability 
(Fig. 3.7). pAT153 par, like pAT153, appeared to be fully stable.
3.1.4 Stability of pNM21 par
The plasmid pNM21 par was obtained by cloning the cpg gene on 
a Bam HI fragment into the BamHI site of pAT153 par (Fig. 3.8). The 
resulting plasmid, pNM21 par, when examined under carbon and phosphate 
limitation in a chemostat, although having a similar copy number to 
pNM21 reversed the previous instability observed in pNM21. pNM21 par 
was stably maintained in the host W5445 for 100 generations under both 
carbon and phosphate limitations (Fig. 3.9) compared to pNM21 which was 
lost from the population after 30 and 10 generations for carbon and 
phosphate limitation respectively.
3.1.5 Stability of pUC8
pUC8 one of the pUC series of cloning vectors developed by 
Vieira and Messing (1982), (Fig. 3.10) exhibits an elevated copy number 
compared to pAT153 (Table 3.1). It was therefore of interest to 
examine its stability. pUC8 was lost from the host W5445 under the 
phosphate limitation in a chemostat after 15 generations, while no 
segregation of instability was observed under carbon limitation (Fig.
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Fig. 3.6A 
Plasmid pAT153 par
Schematic diagram of pAT153 ¿ar, showing the position and orientation 
of the par locus within the vector. The orientation of the par locus 
(determined in Fig. 3.6B) is shown by the asymmetrically located Aval 
site within the cloned fragment.
PAR
EcoRI
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Determination of the Orientation of the par Locus within pAT153 par 
Aval digestion resulted in the production of two fragments compatible 
only with the orientation shown in Fig. 3.6A, the smaller fragment 
being approximately 1.43 kb instead of 1.796 kb.
Lane (1) pAT153 ¿ar Aval digest (1.43, 2.67 kb). (2) pAT153 Aval 
digest (3.68 kb). (3) Lambda Aval digest. (4) pAT153 par uncut. 
(5) pAT153 uncut
F ig .  3.6B
1 2 3 4 5
Flat 3t7
Segregations! Stability of PAT1S3 par An the Host W5445
Grown under carbon ( •  ) and phosphate ( O  ) Halting conditions.
pAT153 par shown to be stable over 100 generations under both forms of 
nutrient limiting conditions.
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FI«. 3.8
Plasmid pNM21 par
Schematic diagram of pNM21 par, showing the location and orientation of 
the par locus and the cpg gene within the vector.
ORI
PAR
EcoRI
9 5
Grown under carbon ( •  ) and phosphate ( O  ) limiting conditions.
Fl«- 3-9
S «g r»g a tlo n  S t a b i l i t y  o f  pHM21 par l u  th a  H o .t » « «
pNM21 par shown to be stable over 100 generations under both forms of
nutrient limiting conditions; in contrast to the instability of pNM21.
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fig. 3t10 
Plasmid pUC8
Schematic diagram of pUC8, showing the location and orientation of the
alpha-peptide containing the polylinker region.
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3.11). This result, obtained in combination with the segregatlonal 
instability of pNM21 observed under phosphate limitation, supports the 
general finding that plasmid instability is increased by the more 
stringent conditions for DNA replication under phosphate limitation 
(Godwin and Slater, 1979).
3.1.6 Stability of pUC8 par
The par locus was isolated from pAT153 par as a 479 bp
Hindlll - Aatll fragment, subsequently cut with Tag I and then cloned 
into the AccI site within the poly linker region of pUC8 to give pUC8 
par. Fig. 3.12 shows the orientation of par within the polylinker 
region. Analysis of pUC8 par stability in the host W5445 under carbon 
and phosphate limitation in a chemostat revealed no instability (Fig.
3.13). The instability previously observed in pUC8 under phosphate
limitation was reversed by the cloning of the par locus into the
plasmid.
3.2 Can the Calculated Copy Numbers Account for the Varying
Instabilities of the Plasmid Examined?
The partitioning mechanism of ColEl and its derivatives is 
unclear but it is probable that they rely upon random partitioning 
alone to ensure that daughter cells inherit a plasmid copy. Random 
partitioning will result in an equal probability of any one plasmid 
copy going to either of the two daughter cells at cell division and if 
there are 2n copies per cell, the daughter cell will receive any number 
between 0 and 2n plasmids. Consequently, plssmid free cells will be 
generated at a frequency which is related to the copy number of the
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Grown under carbon ( •  ) and phosphate ( O  ) limiting conditions. pUC8
Fi«- 3-11
S eg re ga tlo n a l S t . b l l l t ,  o f pUC8 1- th e  Hoat W5445
shown to t
limitation.
generations.
e stable over 100 generations under carbon nutrient 
While pUC8 was rapidly lost from the population, within IS 
under phosphate limiting conditions.
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Plasmid pUC8 par
3 ,12
Schematic diagram of pUC8 par, showing the location and orientation of 
par locus within the polylinker region.
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Segregations! Stability of pUC8 par In the Host W5445
Grown under carbon ( •  ) and phosphate ( O  ) limiting conditions pUC8 
par shown to be stable over 100 generations under both forms of 
nutrient limiting conditions; in contrast to the instability of pUC8.
F la .  3 .13
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plasmids at cell division. The relationship between copy number and 
segregation frequency is derived from the binomial distribution (Novick 
et al., 1975) and can be expressed as
Po - 2 O-")
where Po - segregation frequency per cell per generation
n - copy number per dividing cell.
Fig. 3.14 shows a graph of segregation frequency versus copy 
number and demonstrates that the greater the copy number the less 
likely it is that a plasmid free segregant will arise. The nature of 
stability experiments means that segregation frequencies of >10“5 can 
be detected. Using the above expression, copy number per cell at cell 
division required for a segregation frequency of 10” 5 per cell per 
generation was calculated to be 18. Therefore, cells at division 
containing plasmids with a copy number of 18 or greater, would 
theoretically be expected to be stably maintained. Conversely, plasmid 
free segregants should be detected when plasmids are maintained at copy 
numbers less than 18.
Table 3.1 shows the calculated average plasmid copy numbers 
per chromosome in a bacterial population. For the purpose of 
calculating segregation frequencies however, plasmid copy number per 
chromosome is insufficient, since plasmid copy number per dividing cell 
is required it cannot be assumed that dividing cells possess only 2 
chromosomes.
Cooper and Helmstetter (1968) proposed a model to explain the 
observation that the amount of DNA per cell varies with growth rate. 
Their experimental data demonstrated that the transit time of
102
F i g .  3 t U
Copy Numbgr and Segregation Frequency of Randomly Partitioned Plasmids
This relationship is derived from the binomial distribution and may be 
expressed mathematically as Po - (1-n), where "Po" is the frequency of 
plasmid-free cell production (per cell per generation) and "n" is the 
copy number of the dividing cell. From this it is readily seen that 
the higher the copy number the lower the probability of plasmid-free 
segregants being produced.
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replication forks for cells with doubling times less than 70 min was 
almost constant in E. coli B/r. This indicated that the frequency of 
initiation was the factor which could account for varying DNA content 
with doubling time. The time required to replicate one chromosome was 
around AO min and cell division did not occur until 20 min after 
termination of chromosome replication. On this basis they predicted 
that multiple rounds of replication initiation must occur in cells with 
doubling times faster than AO min.
The generation times of the plasmid containing cells during 
copy number determinations were around 30 min. According to the 
Cooper-Helmstetter model, cells with a doubling time of this order will 
possess approximately 3.7S genome equivalents per dividing cell.
The copy number calculation relies upon the ratio of plasmid 
content to chromosome content and involves the size of the E. coli 
chromosome to calculate the number of copies of a plasmid of known 
size. Clearly therefore, the number of chromosome equivalents per cell 
is required for accurate estimation of plasmid copy numbers. Since 
these copy numbers were carried out on non-synchronous, exponentially 
growing cells possessing all possible chromosome configurations, the 
figures in Table 3.1 are at best average values. Therefore in order to 
obtain estimations of copy number at cell division, the figures in 
Table 3.1 were multiplied by 3.75 and the results and calculated 
segregation frequencies are shown in Table 3.2. These segregation 
frequencies predict that all the plasmids should be very stable but 
this was evidently not the case.
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T a b le  3.2
Calculated Co p t Number per Dividing Cell
Host Plasmid Copy i 
copies per
number
chromosome
Copy number 
copies per 
dividing cell
Segregation
frequency
W5445 pBR322 50 187 1.02 x 10-56
W5445 pATl53 147 551 a
W5445 pAT153 par 195 731 a
W5445 pNM21 55 206 1.94 x 10-62
W5445 pNM21 par 44 165 4.28 x 10-50
W5445 pUC8 495 1856 a
W5445 pUC8 par 460 1725 a
The copy number values from Table 3.1 were multiplied by 3.75 in
order to estimate the copy numbers and segregation frequencies at division.
10ft
3.3 Plasmid Copy Number Changes during Cultivation
Throughout the chemostat cultures cell samples were removed 
and analysed on agarose gels for their plasmid/chromosome content. In 
the steady state environment of a chemostat where the growth conditions 
of the host are constant and plasmid free segregants have not arisen, 
the plasmid/chromosome ratio can be used to estimate copy number and 
describe its relative changes during cultivation.
In all cultures examined under continuous culture a gradual 
drop in copy number was observed (Fig. 3.15). During the same period 
beta-lactamase activity which is directly related to copy number (Uhlin 
and Nordstrom, 1978) also fell. This drop in copy number during 
cultivation is considered to be a phenotypic response to the nutrient 
limitation rather than selection of mutants with a lower copy number 
(Jones et al.. 1980). This was shown by regeneration of the reduced 
copy number to its higher level after a single cycle of batch growth in 
a complex media. Where plasmid loss from the host population occurred 
the copy number was reduced to approximately 3-4. For plasmids present 
at such low copy numbers, where no mechanism exists for active 
segregation of plasmids to the daughter cells during division, the 
frequency of plasmid free segregants will be high.
The fraction of plasmid-free segregants should relate 
directly to the copy number of the plasmids involved (Table 3.2); for 
plasmids normally present at the high copy numbers of pAT153, the 
frequency of plasmid free segregants arising will be low, but where the 
copy number is reduced (as in pNM21) or with prolonged culturing under 
nutrient limitation, the frequency of plasmid free segregants will 
increase. Plasmids containing par also experience an equivalent drop 
in copy number, but no plasmid free segregants occur. Therefore it can
106
F i « -  3 .15
Reduction in Copy Number of pAT153 During Continuous Culture 
Copy number analysed on an agarose gel was shown to fall, over 90 
generations of continuous culture under carbon nutrient limitation.
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be inferred that an active partitioning mechanism must exist for the 
segregation of plasmids containing par.
3.4 Effect of par on Co p t  Number
Meacock and Cohen (1980) have identified the par function and 
characterised it as being independent of copy number control and 
plasmid replication function. The possibility that .par could be 
enhancing stability by increasing the copy number of the plasmids and 
not as a direct result of active partitioning, was investigated by 
examining the copy number differences between plasmids with and without 
par. Table 3.1 shows that no significant difference was identified. 
Therefore, it can be assumed that the segregational stability produced 
by par is not due to increased copy number and a decrease in the 
probability of plasmid free segregants occurring.
3.5 Effect of par on the ’Fitness' of Host
The rise of plasmid free segregants in a culture results from 
the failure of a daughter cell to inherit a plasmid at cell division 
and the subsequent growth advantage conferred on the plasmid-free cells 
(Adams et al_., 1979). The growth advantage of plasmid free cells,
compared to plasmid containing cells is assumed to result from the 
added metabolic burden of plasmid containing cells, resulting in a 
competitive disadvantage under growth conditions where the 
characteristics coded for by the plasmids, are not or do not need to be 
expressed. The synthesis and replication of a redundant plasmid 
utilises elemental and energy resources which otherwise might be 
diverted to biomass production and a high population growth rate 
(Godwin and Slater, 1979). When investigating plasmid stability it is
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difficult to distinguish between segregational instability and the 
effect of any competitive advantage or disadvantage conferred by the 
plasmid to the host cell. Both are contributing factors to be 
considered in the stability of plasmid within the population.
The effect par has on the segregational stability of plasmids 
within the population has already been examined. Therefore, the next 
stage was to examine the effect that par has on the 'fitness' of the 
host cell. The fitness was assessed in a series of competition 
experiments between plasmid-bearing cells and isogenic plasmid-free 
cells. The competition experiments performed to assess the effect of 
par on the fitness of host cells were carried out in response to the 
results obtained by Jones (1986), whose initial data indicated that par 
may function in plasmids by enhancing the 'fitness' of the host 
organism when in competition with isogenic plasmid free cells.
pAT153 and pAT153 par were used to compare the fitness of 
W5445 containing the plasmids with and without par in competition with 
any plasmid free W5445 cells which may arise. Both plasmids have 
previously been determined to be segregationally stable over a 100 
generation period under the same conditions (3.1/3.3). In the 
following experiments the competition event was initiated by the 
addition of varying volumes of inocula to a steady state population in 
a chemostat with a dilution rate of 0.1 hr“*, while under carbon or 
phosphate limitation. The inoculum was provided from a parallel 
chemostat also at steady state with the same dilution rate and nutrient 
limitation conditions. The fate of the plasmid containing organisms 
was monitored periodically, using a beta-lactamase plate assay, samples 
from the chemostat were plated out onto drug free isosensitest agar and 
the proportion of plasmid-free cells determined using the beta-
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lactamase assay as an ampiclllin resistance marker,
lable 3.3 summarises the competition experiments carried out 
and the results obtained. Under carbon limitation it appears that the 
ratio for plasmid containing cells to plasmid free cells determined the 
final outcome. While under phosphate limiting conditions, plasmid free 
W5445 predominates irrespective of the proportions of plasmid free 
cells to plasmid containing which are added. The exception proved to 
be pAT153 par which remained dominant when challenged by a 5 or 10% 
inocula of plasmid free W5445. It required an inoculum addition of 50% 
plasmid free W5445 to out compete the W5445 containing par. In 
identical circumstances plasmid free W5445 came to predominance when 
only a 5% Inoculum of plasmid free W5445 was added to W5445 containing 
pAT153 (Fig. 3.16).
Plasmid-free cells predominate under phosphate limitation, 
while under carbon limitation the ratio of plasmid containing cells to 
plasmid-free cells determines the final ratio. Similar findings in 
competition experiments between RPl-containing and KPl-free cells, 
(Helling et, al.. 1977) and between pBR322-containlng and pBR322-free 
cells (Primrose et al.. 1984) were found.
'Ihe results indicate the importance of environment on the 
survival of plasmid-containing cells in competition with plasmid-free 
cells, and the relative number of the two strains has a significant 
effect on the outcome of competition events. The growth advantage of 
plasmid-free cells was demonstrated under carbon and phosphate 
limitation where competition between equal numbers of plasmid- 
containing cells and plasmid-free cells always resulted in takeover by 
the plasmid tree. It is therefore significant that under phosphate 
limitation W5445 does not outcompete W5445 containing pAT153 par. In
110
T a b le  3 .3
SniMiarf of Competition Eventa Carried out In Continuous Culture
in situ Inoculum Predominant strain 
following competition
pAT153/W5445 SZ WS445 pAT153/W5445
PAT153 par/W5445 5X W5445 pAT153 par/W5445
W5445 SZ pAT153 par/W5445 W5445 carbon
W5445 SZ pAT153 par/W5445 W5445 limited
5OX W5445 50Z PAT153 par/W5445 W5445
pAT153/W5445 SZ W5445 W5445
pAT153 par/W5445 SZ W5445 pATl53 par/W5445
pAT153 par/W5445 10Z W5445 pAT153 par/W5445
pAT153 par/W5445 50Z W5445 W5445 phosphate
W5445 10X pAT153/W5445 W5445 limited
W5445 10Z pAT153 par/W5445 W5445
50Z W5445 SOZ pAT153 par/W5445 W5445
Where both cultures were at similar states, cultures grown in 
parallel chemostats run at the same dilution rates.
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Variation in Maintenance of pAT153 par and pAT153 in a Population of
F ie .  3.16
W5445 at Steady State under Phoaphate Limitation Conditiona 
When challenged with an Inoculum of 5X plasmid-free W5445, pAT153 par 
waa maintained (a), while pAT153 was lost from the population (b).
V -addition of plasmid free Inoculum
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identical circumstances W5445 cells containing pAT153 would be out 
competed by plasmid-free W5445 cells. This increased fitness 
corresponds with the increased growth rate of W5445 containing pAT153 
par compared to pAT153 (Table 3.4). This is somewhat unexpected since 
pAT153 par with its increased molecular weight (+400 bp) over pAT153 
would produce a greater metabolic burden in US443 and thereby reduce 
W5445 growth rate. Thia increased fitness cannot be explained in 
terms of copy number differences since pAT153 and pAT153 par appear to 
have very similar copy number values (Table 3.1).
Concluding Remarks
For plasmids to be maintained within a population of cells 
their replication must be controlled so that the replication rate can 
be adjusted to the growth rate for cells or cell division must be 
stalled until sufficient replication has occurred. Subsequent 
partitioning of plasmid copies at cell division by either an active or 
passive mechanism need only ensure that both daughter cells receive at 
least one plasmid copy.
Although many low copy number plasmids are actively 
partitioned, (Meacock and Cohen, 1980; Nordstrom et al_., 1980) no 
active partitioning mechanism has been demonstrated for the multicopy 
plasmid ColEl. This plasmid is the progenitor of many of the commonly 
used cloning vectors pBR322 (Bolivar et al.. 1977a), pAT153 (Twigg and 
Sherratt, 1980) and the pUC vectors (Vieira and Meising, 1982) all 
utilising the ColEl replicón. ColEl as a "naturally** occurring 
plasmid is by definition stable. Difficulty arises in the study of its 
stsbility, since it is only possible to study ColEl in a colicin 
resistant background to prevent selection against plasmid free
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T able  3 .4
Growth Rate Variation Between Organises Containing pAT153. 
pAT153 par and Plasmid Free Celia
Plasmid Host Growth Rate
pAT153
pAT153 ¿SI W5A45 0.3
Growth rates obtained by determination of the /¿max of 
the various microorganisms containing the various plasmids, 
employing the growth media used for all the continuous 
culture experiments.
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segregants. Jones et_ al. (1980) examined the stability of pDS1109 a 
derivative of ColEl, which does not produce colicin El. pDS1109 was 
found to be stably maintained in W5445 under the nutrient limitation of 
a chemostat.
Because the ColEl derivative plasmids examined in this 
chapter are all present at high copy number it could be argued that 
there is no need for an active partitioning function and the 
instability generated under nutrient limitation is unnatural. However 
the finite chance of plasmid-free segregants arising and coming to 
predominance as a consequence of plasmid- free cells ability to outgrow 
plasmid-bearing cells (as described in 3.2) make active partitioning of 
plasmids a requirement for maintenance. The ability of the par locus 
to stabilise unstable replicona as demonstrated in pNM21 par and pUC8 
par make it an essential component in the construction of stable 
vectors. It should be noted, that recent research has shown that 
whilst par can Improve the stability of some vectors (pBR322 and 
pACY184 carrying the tryptophan operon in E. coli) it cannot stabilise 
them completely. The finding that pAT153 par-containing cells have a 
growth advantage over isogenic plesmid-free cells contradicts the 
similar situation with pAT153. The increased fitness and growth rate 
of cells containing pAT153 par compared to pATlS3, appears to be linked 
to the addition of the par function, either in its inactivation of 
genes which have an adverse effect on growth or on par enhancing the 
growth rate.
There are precedents for specific DNA sequences dramatically 
altering the growth properties of E. coli K12 cells. Transposon Tn5 is 
a composite transposon consisting of a kanamycin neomycin resistance 
determinant bounded by two inverted 1.5 kb IS50 sequences. The right
11S
hand element, IS50R, encodes the transposase and its inhibitor, while 
IS50L has an mutation which results in the production of non-functional 
truncated polypeptides. Cells possessing the IS^OR element alone have 
been shown to have an initial faster growth rate than their IS50- 
counterparts in chemostat culture (Biel and Hartl, 1983; Hartl et al., 
1983).
There has also been reports of increased 'fitness* of cells 
due to transposition of IS1 into the tetracycline region (Chew et al., 
1986; Deretic et al., 1984). Lee and Edlin (1985) showed that 
expression of the tet gene has an adverse effect on the reproductive 
fitness of plasmid containing bacteria. It has been proposed by Moyed 
and Bertrand (1983) that a mechanism exists by which TcR proteins 
adversely affect growth, via alteration to the cell membrane. 
Inactivation of the tet gene in pBR322 and its derivatives (including 
pAT153) increased the fitness of the host containing the plasmid (Lee 
and Edlin, 1985; Chew et al., 1986).
One of the basic requirements of a vector is stability. The 
ability of the ¿ar locus to enhance the segregational stability of 
vectors, therefore made it a requirement for all future 
cloning/expression vectors.
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CONSTRUCTION AND CHARACTERISATION OF A SERIES OF 
NOVEL CLONING VECTORS
CHAPTER 4
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4. INTRODUCTION
The pUC series of plasmids represents a series of high copy 
number cloning vectors which offer a wide range of unique cloning sites 
combined with a simple means of recombinant selection (Vieira and 
Messing, 1982) (Fig. 4.1). The linker region carrying the multiple 
cloning sites lies within the alpha-peptide of the lacZ gene (N- 
terminal amino acids 1 to 145). The functional polypeptide produced, 
complements a defective lacZ gene (missing amino acids 11 to 41) 
carried by the host gene in JM83, or resident episome in JM101. 
Colonies carrying plasmid DNA are therefore blue in the presence of the 
chromogenic substrate X-Gal. DNA fragments cloned into the linker 
region produce a non-functional alpha-peptide resulting in colourless 
(white) colonies in the presence of X-Gal.
In this chapter a series of cloning vectors are described 
which extend the utility of pUC plasmids. By extending the number of 
unique cloning sites within the linker region, and rearranging the 
orientation of certain sites within the linker region a more versatile 
group of cloning vectors have been produced. During the construction 
of the pMTL plasmids the high copy number of the pUC plasmids was 
examined and the pMTL plasmids were made unequivocally nic/bom~. In
doing so the copy number and mobilisation properties of the pMTL 
plasmid were characterised and compared with the pUC plasmids.
RESULTS AND DISCUSSION
4.1 Construction of the pMTL backbone
In designing the strategy for the construction of the 
proposed vector a number of factors were taken into consideration. 
Firstly, it was desirable to remove any restriction sites from the
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vector backbone which were to be inserted into the linker region (i.e.. 
Aatll and Naell). Secondly, investigation of why the copy number of 
the pUC plasmids is far higher than that of pAT153 (Chapter 3, Table 
3.1). Lastly, the vector was designed to be non-mobilised (i.e.. 
nic/bom~). considered to be an asset in terms of biological containment 
for iii vitro genetic manipulations of cloning vectors. The simplest 
way of achieving these aims was to essentially reconstruct the pUC 
backbone utilising pBR322 as a starting point. The final vector 
carries an identical deletion to that present in pAT153 (i.e. the two 
contiguous Haell B and G fragments of pBR322, carrying the ROP and the 
nic/bom sites). The exact relationship between pBR322, pAT153 and pMTL 
and pUC backbones are described in Fig. 4.2. Fig. 4.3 describes 
schematically the construction of the pMTL backbone; pBR322 was double 
digested with BamHI - PvuII and the 3' recessed termini created by the 
digestion was filled in using the 5'-3' polymerase activity of DNA 
polymerase. The larger (1.69 kb) of the two fragments produced on 
digestion was isolated by agarose gel electrophoresis and blunt end 
ligated producing pMTLl. This step removes most of the ROP region, the 
remainder of the ROP region, with the nic/bom and AccI sites are 
removed as a Haell fragment (0.43 kb) from pKTLl creating pMTL2. 
Substitution of the TaqI region containing the replication origin of 
pMTL2 with the equivalent region from pUC8 yields pMTL3. pMTL3 
digested with Aatll and blunted with T$ DNA polymerase exonuclease 
activity removing the Aatll site from the vector backbone. Further 
digestion with Rsal produces 3 fragments (1.57 kb, 0.44 kb, 0.24 kb) 
when resolved by agarose gel electrophoresis, the largest two were 
isolated and ligated to produce pMTL4. pMTL4 provides the backbone for 
all subsequent vectors produced in the pMTL series. The peptide and
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The Relationship Between pBR322. pAT153 and 
the dUC and pMTL Backbones
The region of pBR322 deleted to yield pAT153 indicated within the 
circle, the pBR322 DNA utilised in the construction of the pUC backbone 
is illustrated by a dashed line outside the circle, while the pBR322 
DNA present in pKTL 4 is represented by the bold line. The Hae II site 
at which the M13 derived lacZ' poly linker region was inserted into 
pKTL and pUC backbones is highlighted by an arrow.
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Fig. *-3
Construction of the ptfTL Backbone
The pMTL backbone (pMTL4) was derived from pBR322 in the following 
manner (numbers in parenthesis refer to nucleotide position within 
pBR322; Baibas et al., 1986). A 1.693 kb region of pBR322 DNA was 
deleted by cleaving the plasmid with BamHI (375), blunt-ending with 
pollk, cutting with PvuII (2066) and pMTLl generated by self-ligation 
of the larger 2.67 kb plasmid fragment. This particular deletion 
removed the majority of rop but recreated a BamHI site. The 
remainder of the rop gene, together with the nic site was removed by 
deleting a 0.438 kb Haell (232-2349) fragment. The plasmid obtained, 
pKTL2, had also lost an Ndel site (2297). The Pat I and Hindi sites 
within the bla gene of pHTL.2 were removed by substituting the 1.444 
kb Tag I fragment of the vector with the equivalent region of pUC8, 
yielding pMTL3. The final step required was to remove the Aatll. 
EcoRI and Hindlll sites of the vector. Although this would have been 
most easily achieved by deleting the DNA between the Aatll (4286) and 
Ec o RV (185) sites, we wished to retain the latter site for future 
manipulations. The plasmid was therefore cleaved with Aatll. blunt- 
ended with T* polymerase, cut with Rsal. ligated and transformed into 
E. coli JM83. A recombinant plasmid, pMTL4, was selected which had 
lost 0.238 kb of DNA between the Aatll site and the Rsal (164) 
adjacent to the EcoRV site. To create the final vectors the c.540 bp 
Haell fragment carrying the lacZ'/polylinkcr region was inserted into 
the indicated Haell site, such that transcription from the lac 
promoter was from the same DNA strand as the Ap gene. The pMTL"P" 
vectors were constructed by inserting a 385 bp EcoRI fragment (blunt- 
ended with pollk) into the EcoRV site as described in the text.

linker regions are then cloned into the Haell site as indicated in Fig. 
4.2.
4.2 Derivation of the Novel Linker Regions
Fig. 4.4 shows the range of linkers produced and the 
restriction sites available.
4.2.1 pMTL 20/21
The initial vectors constructed represented merely an 
extension of the existing pUC18/19 linker region. Two complementary 
oligonucleotides were synthesised (Fig. 4.5). After annealing, the 
linker was cloned into M13mpl8/19 cleaved with Sail and PstI. Vector 
DNA carrying the synthetic linker were identified using the appropriate 
oligonucleotide as a radiolabelled probe and the sequence of the 
positive clones subsequently checked by nucleotide sequencing. The 
desired linker region, together with the alpha-peptide and lac P0. was 
isolated from M13 RF DNA as a 544 bp Haell fragment and inserted into 
pKTL4 at the Indicated Haell site (Fig. 4.2) pMTL 20/21 plasmids 
obtained carried unique sites for Aatl. Mlul. Ncol. Bglll. Xhol and 
Still, in addition to those present in pUC 18/19 (Fig. 4.6).
4.2.2 pMTL 22/23
In pMTL 22/23 the proposed new linker was synthesised as two 
complementary pairs of oligonucleotides (Fig. 4.7a/b). The two
oligonucleotides of linker £  were annealed and inserted into M13 mp 
18/19 cleaved with EcoRI and Hindlll. The resultant recombinant 
plaques were white in the presence of X-Gal. In addition, although the 
linker carries a Hindlll sticky-end, the Hindlll site was not recreated
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Fl«. 4.5
Th« Two C o .p l— n C r T 0 1 1 g o m ic l« o t ld « .  u»ed ln the 
C on etru ctlon  o f  the ^KTL20 end pKTL21 Linkers
MluI BgllX StuI
Aatll Ncol Xhol
Sali 5 1 -TCGACGTCACGCGTCCATGGAGATCTCGAGGCCTGCA- ' S ticky-end 5 1 -GGCCTCGAGATCTCCATGGACGCGTGACG-3 P s t lSticky-«nd
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Fig. A.6
Restriction Digests of pMTL20
Identification of the orientation of Haell fragment carrying the 
alpha-peptide and the linker region in pMTL4. A Bgll digest 
resulted in the production of two fragments (0.88 and 1.59 kb) 
compatible with the correct orientation required. Also the 
range of unique sites within the linker are shown.
Lane 1 Hindlll-EcoRI digest. Lane 2 pMTL20 - Bgll digest 
(0.88, 1.59 kb). Lane 3-13 pKTL20, Accl. Aatll. Xbal. Ncol. 
B^HI, SstI. Xhol. PstI, Sail. Mlul and StuI digests.
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Th« Two Pair* of CoapleaentTT Ollaonucleotldea used in the 
Construction of pWL22 and pWL23 Linkers.
A3 StuI BgLII Ncol Sraal
NruI Xhol Clal SphI Kpnl Ssrl EcoRi
5 1 -AGCTCGCGÂGGCCTCGAGATCTATCGATGCATGCCATGGTACCCGGGAGCTCG-3 *
3 '-GCGCTCCGGAGCTCTAGATAGCTACGTACGGTACCATGGGCCCTCGAGCTTAA-5 *
b 3 Xbal PstI Sail Ndel
Eco RI Hindlll Mlul Aatll BanHI EcoRV Nael
5 * -AATTCTAGAAGCTTCTGCAGACGCGTCGACGTCATATGGATCCGA7ATCGCCGCC-3 *3 1 -GA7CTTCGAAGACGTCTGCGCAGCTGCAGTATACCTAGGCTATAGCGGCGGTTAA-5
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as the 5th base of the inserted oligonucleotide linker is C and not the 
T necessary to produce a Hindlll site. RF DNA of recombinant M13 mpl8 
and mpl9 was prepared, cleaved with EcoRI and the second linker _b 
ligated. The resultant recombinant plaques were blue in the presence 
of X-Gal. In this case, although the linker has an EcoRI sticky-end at 
both ends, and EcoRI site was not created at the extremity of the 
linker region and the nucleotide base at the 55th position was C rather 
than the G necessary to create an EcoRI site. During this cloning step 
it became apparent that the annealed oligonucleotides were capable of 
being inserted in either orientation. The M13 mpl8 derived vector was 
the only orientation capable of producing a functional alpha-peptide, 
resulting in the pMTL26 linker. The alternative orientation in the M13 
mpl8 derived vector created translational stop codons in the linker 
regions resulting in a non-functional alpha-peptide. This method 
generated 3 novel linker regions, MTL22, 23 and 26, which were then 
isolated from M13 together with the alpha-peptide and the lac PO, as a 
544 bp Haell fragment and inserted into pMTL4 at the indicated Haell 
site (Fig. 4.2) to yield pMTL 22, pMTL 23, pMTL26.
During dideoxy sequencing of cloned DNA, random subfragraents 
are commonly generated by sonication and subsequently blunt-ended 
ligated into the Smal site of M13 vectors (Deininger, 1983). A 
requirement of this procedure is the circularisation of the fragment to 
be sequenced prior to fragmentation by sonication. The vectors 
pMTL22/23 should facilitate this process. DNA fragments cloned into 
the central portion of the linker region may be excised by double 
digestion with either BamHI/BglII. Sall/Xhol, Clal/AccI, or 
combinations of Nrul-StuI/EcoRV-Nael. and circularised by self ligation 
prior to sonication.
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4.2.3 PKTL24/25
pMTL 24/2S the final pair of vectors constructed were 
designed to facilitate the conversion of a cloned DNA fragment from one 
type of sticky end to another. Ideally such a vector requires an 
inverted duplication of a particular linker region, as would occur when 
ptfTL 20/21 linker regions were inverted and combined. In practise, the 
existence of such a lengthy palindromic sequence proved to be 
inheritantly unstable. To overcome this problem the vectors 
constructed contained the pMTL20/21 linker region followed by an 
inverted pUC18/19 linker region. Fig. 4.8 illustrates the procedure 
adopted to construct pMTL 24/25. To ensure that the final vectors had 
unique Aatll sites in their linker regions, the linker region of pUC 
18/19 was first transferred to the pMTL 4 backbone to give pMTL 18/19. 
In the case of pKTL24, a 0.8 kb Scal-Hindlll fragment carrying the 
polylinker region and 5' end of the bla gene was isolated from pMTL 19 
and combined with a 2.02 kb Scal-Hindlll fragment of pMTL20, which 
carries the 3' end of the bla gene, the origin of replication and the 
polylinker region. The plasmid obtained, pMTL24, carries both the 
pKTL19 and pMTL20 polylinker as adjacent insertions, but inverted 
relative to one another. A similar strategy was utilised in the 
derivation of pMTL25 except in this case Scal-EcoRI fragments of pMTL18 
and pMTL21 were employed.
4.3 Mobilisation of pMTL and pUC Vectors
The Advisory Committee for Genetic Manipulation (ACGM) in the 
UK have assigned the pUC plasmids an access factor comparable to pBR322 
(ACGM Secretariat, 1984). This is in contrast to pAT153 which is 
nic/bom~ (Twigg and Sherratt, 1980) and has consequently been assigned
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The Construction of pMTL 24 and pMTL 25
EcoRl
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a lower access factor. This categorisation is presumably made on the 
assumption that the pUC plasmids can be mobilised in the presence of 
trans acting Mob proteins. The plasmid pBR322 lacks the genes coding 
for the proteins involved in mobilisation and is therefore 
inefficiently mobilised by large conjugative plasmids. The presence of 
the site at which these proteins act, the nic/bom site, enables pBR322 
to be efficiently mobilised if the mobilisation proteins are supplied 
in trans i.e., from a co-resident plasmid such as ColK. This nic/bom 
site is known to lie adjacent to the AccI site at position 2245 
(Covarrubias et a¿., 1981), although no published data appears to be 
available on the mobilisation frequency of the pUC plasmids. Yanisch- 
Perron et ¿1. (1985) published nucleotide sequence of pUC18 revealed 
that the nic/bom site of the vector has been almost totally destroyed 
during the removal of the AccI site, using Bal31. This suggests that 
their mobilisation characteristics should closely resemble that of 
pAT153, which has had its nic/bom site completely removed.
Conjugations by filter mating (Minton et al.. 1983b) were 
carried out to examine the mobilisation frequencies of different 
cloning vectors, using a Rif resistant strain of W3110 as recipient and 
JC2926 transconjugants as donors (VanHaute et^ al.. 1983). Table 4.1 
describes the varying mobilisation frequencies of a range of cloning 
vectors. pUC and pMTL vectors have similar mobilisation frequencies 
comparable with pAT153, since all are functionally niç/bom- (i.e.. non- 
mobilisable even in the presence of Mob proteins). Therefore, pUC and 
pMTL should have an ACGM access factor equivalent to pAT153.
4.4 Copy Number of pMTL and pUC Vectors
The copy number of ColEl and its derivative plasmid pBR322 is
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Tab le  4 .1
Mobilisation Frequencies of the Cloning Vectors
PlasmidC®) Mobilisation frequency(k) 
from JC2926 R64drd.II (pLVC9)
pBR322 0.9 x 10-2
pATl53 5.1 x 10-6
pBR328 2.1 x 1er6
pUC8 4.2 x 10-6
pUC9 6.7 x 10-6
pKTL20 3.6 x 10-6
pMTL21 4.1 x 10-6
pMTL22 2.1 X 10-6
pMTL23 5.8 x IQ"6
(•) Cloning vector sobilised
(•>) Mobilisation frequency is expressed as frequency of 
ApR transconjugants per donor cell. Conjugations were 
carried out by a previously described filter mating 
technique (Minton et al., 1983b), using a RifR mutant of 
E. coli W3110. The donor strain JC2926 carries the 
conjugal mobillser R64drdII and plasmid pLVC9. This 
latter plasmid carries the P15A replicon (Chang and Cohen, 
1978), the ColEl mob region (but nlc~) and encodes 
resistance to Cm.
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negatively regulated by two different gene products. Regulation is 
mediated through both the RNAI molecule and the ROP polypeptide (Conrad 
and Campbell, 1979; Twigg and Sherratt, 1980). RNAI is a small 
untranslated RNA molecule encoded within the DNA region that is used to 
transcribe the RNA pre-primer, (RNAII) utilised as the primer in DNA 
replication (Cesarenl, 1982). Because RNAI is complementary to RNAII 
the two can hybridise, an event which interferes with RNAIIs role in 
initiation of replication. The ROP protein is believed to stabilise 
the interaction. The elevated copy number of pAT153 (150 copies per 
chromosome) compared to pBR322 (50 copies per chromosome) is explained 
on the basis of the deletion of DNA which encodes the ROP protein 
(Twigg and Sherratt, 1980). The pUC plasmids have also effectively 
deleted the rop gene, however copy number analysis has shown that the 
copy number of these vectors are considerably higher (500 - 700 copies 
per chromosome) than pAT153 (as stated in Chapter 3; Table 3.1).
The strategy utilised in the construction of pMTL 4 was 
designed to test the supposition that some other factor is contributing 
to the higher copy number of the pUC plasmids. In removing the PstI 
and Hindi sites from pMTL2, a 1.44 kb Tag I fragment carrying the 
RNAI/RNAII region was substituted with the equivalent region from pUC8 
to give pMTL.3 (Fig. 4.3). Copy number determination on cells carrying 
pMTL2 and pMTL3 (Table 4.2, Fig. 4.9) clearly Indicate that the copy 
number of the plasmids carrying the pUC derived replicon (pMTL3-658 
copies per chromosome) was significantly higher than the plasmids 
carrying the pBR322 derived replicon (pMTL2 - 197 copies per 
chromosome). The most obvious cause of such an increase would be a 
mutation within the RNAI/RNAII region.
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Table 4 .2
Calculated Co p t Numbers from Plasmld/Chromosome Ratios. Obtained From 
Densitometry of EtBr-Stained Electrophoretic Gels
Copy Number % Standard
Host Genotype Plasmid Copies per Chromosome deviation
(a) (b) (c)
JM83 - pKTL2 197 + 5.0 4 20
JM83 - pMTL3 658 + 9.5 4 25
GM271 dem” pMTL2 113 ♦ 13.2 3 14
GM271 dem“ pKTTL3 355 + 15.1 3 20
GM2163 dam- , dem- pMTL2 28 ♦ 4.0 3 10
GM2163 dam- , dem- pMTL3 158 + 16.4 3 20
GM2199 dam- pMTL2 5 5 ± 8 .6 3 15
GM2199 dam- pMTL3 228 + 1 2 . 2 3 10
GM161 dam- pMTL2 30 ± 4.0 3 1 1
CiM 161 dam- pMTL3 184 ♦ 1 1 . 1 3 9
Plasmid copy numbers were calculated per chromosome. Assuming one plasmid 
per chromosome equivalent exists and based on a figure of 3.8 x 103 Kb for 
the size of a non-replicating E. coli chromosome (Shepard and Polisky, 1979). 
The calculated copy numbers per chromosome equivalent are given in column 
(a), the standard deviations in column (b) and the number of independent 
trials in column (c).
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Fig» ».9
Whole Cell Lysates Run on an Agarose Gel
Identifying the variation in copy number between pMTL2 and pMTL3 
in the host JM83.
p M T L 2  p M T L 3
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4 .5  Sequence V a r ia tio n  b «t»e e n  th e  PBB322 »nil pUC8 M IAI/M AII
R egions
Having previously established that the increase in copy 
number of the pUC/pMTL plasmids is greater than that resulting from the 
deletion of rop as in pAT153, the RNAI/RNAII region, with numerous 
mutations already identified as increasing copy number (Davison, 1984) 
in particular was examined for sequence anomalies, along with the rest 
of pBR322 and pMTL4. The published nucleotide sequence of pUC18 
(Yanish-Perron et al., 1985) implies no such difference from the pBR322 
sequence (Sutcliffe, 1979).
Random fragments of pMTL4 and pBR322 were generated by 
sonication, cloned into Ml3 mp8 and sequenced. The templates carrying 
the RNAI/RNAII region after identification by sequencing were 
accurately sequenced using synthetic oligonucleotide primer 5'ATC-CCT- 
TAA-CGT-GAG-TT 3', annealing at position 1293-1310 downstream from the 
RNAI/RNAII region. Subsequent examination of the sequences showed 
variation in the nucleotide sequence between pMTL/pUC and pBR322 (Fig. 
4.10). In pWTL4 a single G to A base change was discovered immediately 
preceding the 5' end of the RNAI region. There are a number of reasons 
why the single base change identified as the only variation in sequence 
between pBR322 and pMTL/pUC causes an increase in plasmid copy number. 
The simplest explanation would be that the level of RNA I transcription 
has been reduced, however as a complementary change has occurred within 
RNAII the possibility cannot be ruled out that it is the C to T base 
change within the RNAII transcript which causes the observed copy 
number increase. Although other studies have shown that DNA 
methylation can regulate DNA replication (Smith et ¿1., 1985; van 
Putten et al.. 1986), there appear to be no specific sequences present
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which are known to be acted upon by either adenosine and cytosine 
methyltransferases. This was confirmed by the observation that pMTL3 
still exhibiting a 3-fold higher copy number than pMTL2, when both were 
examined In dam- •'“I E- c» 1 1  host* <T”b U  *-2>-
4.6 Construction of pMTL par
Having previously established in Chapter 3 that the par locus 
of pSClOl enhances the stability of cloning vectors, it was therefore 
decided to make par an integral part of any subsequent cloning or 
expression vectors constructed.
The strategy utilised in the construction of the pMTL 
backbone had ensured the existence of a unique EcoRV cloning site into 
which additional DNA fragments could be cloned without impairment of 
essential plasmid functions. The plasmid pWTL20 and pMTL21 were 
therefore cleaved with EcoRV and the par locus inserted as a blunt- 
ended 380 bp EcoRI fragment. The resultant vectors were designated 
pMTL20 par and pMTL21 par. Deletion derivatives of these two vectors 
were then obtained by deleting the 350 bp Pvull fragment carrying the 
polvlinker/LacZ* region and the equivalent Pvull fragment from pMTL 18, 
19, 22, 23, 24, 25 and 26 inserted to yield their par carrying
equivalents. An important consequence of these manipulations was that 
by destroying the backbone EcoRV site, the EcoRV site of the pMTL22 
par. 23 par and 26 par polylinkers were made unique.
4.6.1 Stability of pMTL20 par
The improved stability of the pMTL derivatives containing par 
was evaluated by comparing them with their pMTL equivalents without 
par. As with previous stability work, segregations! stability was
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qualitatively assessed in the steady state population provided by a 
chemostat. The stability of pKTL20 and pKTL20 .par was monitored in the 
host JM83 grown at a dilution rate of 0.1 hr“ 1 under carbon and 
phosphate nutrient limitation. Under carbon nutrient limitation no 
plasmid instability was observed in either pKTL20 or pKTL20 £ar, over a 
100 generation period, while under phosphate nutrient limitation pMTL20 
was lost from the population after 15 generations, while pMTL20 .par 
exhibited no instability and was in the population for over a 10 0  
generations (Fig. 4.11). These results confirm that the presence of 
the par locus in pKTL20 par improves its stability over pMTL20.
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Sanraaatlonal Stability of PWTL20 par, (■). pHTL20 to) and 
I.UC8 ( o )  In the Host JH83
Grown under phosphate limiting conditions pMTL20 par shown to be stable 
over 100 generations, while pUC8 and pMTL20 are lost after IS 
generations.
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CONCLUDING REMARKS
The construction of the pMTL cloning vectors provided a 
series of cloning vectors, which can be usefully employed in the 
generation of fragments with compatible sticky ends, required when M13 
templates are produced for dideoxy sequencing by the sonication 
procedure.
Additionally, the c o n s truction and subsequent 
characterisation of the pMTL vectors examined features which were to be 
exploited in the high expression of CPG2 . The high copy number of the 
pUC plasmids and the segregational stability exhibited by plasmids 
containing the par locus. Finally, the pUC and pMTL vectors were shown 
to be definitively nic/bom~.
An essential feature of the dideoxy nucleotide sequencing 
procedure is the prior generation of a set of M13 templates carrying 
random DNA fragments representative of the region to be sequenced. One 
particularly effective way of generating such templates is by the 
sonication procedure described by Deininger (1983). A crucial 
requirement of this procedure is that the fragment to be sequenced must 
be circularised by self-ligation prior to fragmentation. It follows 
that the DNA fragment must have compatible cohesive ends. The vectors 
pMTL22, pMTL23 and pKTL26 were specifically designed to aid in the 
conversion of DNA fragments with incompatible sticky-ends to fragments 
with cohesive termini. Thus, dependent on the site of insertion, 
cloned DNA may be excised by double digestion with either BamHI/Bglll. 
Sall/Xhol. Clal/Accl. or combinations of NruI-Stul/EcoRI-Nael (pMTL22 
and pMTL23 only), and circularised by self-ligation. The vectors 
pWTL24 and pKTL25 present still further opportunities for ensuring that
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DNA fragments possess self compatible cohesive ends. In both cases 
fragments which carry different termini compatible with any two of the 
six sites Aatll. MluII. Ncol. Bglll. Xhol and StuI may be cloned and 
subsequently excised by digestion with either EcoRI. SstI. Kpnl, Smal, 
BamHI. Xbal. Sail or AccI in the case of pKTL24, and with Hindlll, S£hl 
or Pst I in the case of pMTL25. In addition DNA fragments generated by 
double digestion which possess one termini compatible with the above 
six sites and the other compatible with any of the additional sites 
present in the pMTL24/25 linker may also be converted to a restriction 
fragment with self-compatible cohesive ends. Thus in the case of 
pMTL24 the second cloning site used could be either Sphl. PstI or 
Hindlll with subsequent excision by digestion with either EcoRI, SstI, 
Kpnl. Smal. BamHI. Xbal. Sail or AccI. while the use of the above sites 
as secondary cloning or excision sites would be reversed in the case of 
pMTL25.
The availability of the vectors with and without par has 
important implications with regard to the overall size of the plasmid. 
Occasionally the excised cloned DNA fragment has an identical 
electrophoretic mobility to the linearised vector. This can present 
problems when preparing g quantities of the cloned DNA by 
electroelution, as is the case in the sonication procedure. In the 
majority of cases, if a cloned fragment comigrates with the linearised 
pMTL vector, then separation will be achieved with the corresponding 
pMTL par plasmid, or vice versa.
In addition to their use in the sonication procedure the pMTL 
vectors have a number of additional advantages over the pUC plasmids. 
The basic vectors are smaller than the pUC plasmids by 0.3 kb , while 
the pKTL £a£ plasmids exhibit improved plasmid stability due to the
presence of the pSClOl par function. Both types of vector carry a 
greater number of unique restriction enzyme cloning sites. In the 
case of pMTL20/21 there are 6 additional sites to those present in 
pUC18/19 (Aatll. Mlul . Ncol. Bglll. Xhol and StuI), while pMTL22/23/26 
carries 11 new cloning sites (Aatll. Mlul. Ncol. BallI. Xhol. StuI. 
Nael. EcoRV. Clal. Ndel. and Nrul). More importantly, the relative 
order of the sites within these latter vectors has been rearranged. 
This new order of sites will overcome, to a large extent, the limits 
imposed by previously available polylinker regions on the choice of 
restriction enzyme that can be used to excise DNA fragments. Aside 
from their use in the sonication procedure, the pMTL.24/25 vectors can 
be employed to convert a particular restriction fragment from one type 
of sticky end to another. From a safety point of view the pMTL vectors 
are nic~ and should therefore be awarded the lowest categorisation in 
genetic manipulation experiments e.g. UK ACGM access factor of 10”9. 
In this respect we have also shown that the pUC plasmids are also 
functionally nic~.
The strategy utilised in the construction of the pMTL vectors 
has also identified the reason for the abnormally high copy number of 
the pUC plasmids. There could be a number of reasons why the base 
change identified causes an increase in copy number. The simplest 
explanation would be that the level of RNA I transcription has been 
reduced, however as a complementary change has occurred within RNA II 
the possibility cannot be ruled out that it is the C to T base change 
on the opposite strand which causes the observed copy number increase. 
Other studies have shown that DNA methylation can control DNA 
replication (Smith et al_., 1985; van Putten et al_., 1986). There 
appear to be no specific sequences present which are known to be acted
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upon by either adenosine or cytosine methyltransferases.
The series of pMTL cloning vectors constructed retain all the 
advantages of the pUC plasmids but are smaller (by 300 bp), and possess 
more versatile polylinker regions while the par containing variants 
exhibit improved plasmid stability. The pUC and pMTL plasmids have 
been shown to be functionally nic/bom~. and on the basis of these 
findings the ACGM have now reassigned the access factor of the pUC 
plasmids with the pMTL to 10“9 . The copy number variation between 
pAT153 and pUC plasmids has been identified as a single base change 
within their pBR322 derived replication regions which results in a 3- 
fold increase in copy number.
Finally, the pMTL cloning vectors were designed with the 
construction of a series of expression vectors as the final goal. pMTL 
4 provided the starting point in the construction of the basic 
expression vector backbone. Also the new linker regions constructed 
for the pKTL cloning vectors aided the localisation of the various 
components of the expression vector as separate DNA restriction 
fragments "cassettes" which may be combined (by virtue of homologous 
sticky ends) in any number configurations in the backbone of the 
expression vector.
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Fig. 4.12
Nucleotide Sequence of pMTL20 par
The total length of pMTL 20 par is 2854 nucleotides; in the
print out of the sequence, the relevant restriction sites, the origin 
of the RNA1/KNAII replication regions, the pnr locus and the promoter 
regions of beta-lactamase and beta-galactosidase are indicated.
30AAAGGGCOATOTGCTCCAACCCU 100
:atgi2acg 200
3TACCT0CTAATTCAACCCATTCCGCTCCCAAAAGCCTCACTCCTCCAACATTTTGCTCCCCCTCACOCTTCCAAC
N L Q T  V G P N K W D  R H Q L V V  A L A  L 9  A N R C A I L D O M V
GCACTCCACCTGACATCTCCTACCGGCCCATCCCTCGACCTTAACCATTACTACCACTATCCACAAAGCACACACTTTAACAATACCCCACTGTTAACCT
R S T S R L P D a P V S S S N T I H T M  Uol'
CCTGCCCTCGCTCGTTCCGCTGCGCCCACCGGTATCACCTCACTCAAACGCGGTAATACGGTTATCCACAGAATCACGCCATAACCCAGGAAAGAACATG «00
taccccatacctctccccctttctcccttccgcaaccctcccgctttctcaatoctcaccctotacotatctcacttccctctacgtccttcgctccaao  »00
ATCGTACGCCTATACCCGC AAAGAGGCAACCCCTTCCCACCCCGAAACAGTTACGACTCCGACATCCATAGAGTCAAGCCACATCCACCAAGCCAGGTTC
CTCCCCTCTCTCCACG A ACCCCCCGTTC AGCCCGACCCCTCCGCCTTATCCCGTAACTATCOTCTTGAGTCCAACCCCCTAAGAC AGG Ai'TT A TTGiTAC 1000 
GACCCGACACACCTGCTTGCGCCCCAAGTCCGCCTCCCCACCCCCAATAGCCCATTGATAGCACAACTCACGTTGGGCCATTCTGTCCTCA ATACCGGTG
ACCGTCGTCGGTGACC AnGTCCTAATCGTCTCGCTCCATACATCCGCCACGATGTCTCAAGAACTTCACCACCGGATTCATCCCGATCTCATCTTCTTO
AGTATTTGCTATCTCCGCTCTGCTGAAGCCACTTACCTTCCCAAAAAGAGTTCOTACCTCTTGATCCCGCAAACAAACCArCGCTGGTACrGGTGCTTTT 1200 
TCATAAACCATAGACGCGAGACCACTTCCGTCAATGGAAGCCTTTTTCTCAACCATCGACAACTAGGCCOTTTQTTTOGTGGCGACCATCCCC ACCAAAA
TTTGTTTOCAAGCAGCAGATTACCCGCAGAA AA AAAGOATCTCAACAAGATCCTTTCATCTTTTCTACOOGOTCTCACGCTCAGTGGA ACGAAAACTCAC I J00 
AAACAAACGTTCOTCGTCTA ATCCCCGTCTTTTTTTCCTAGAGTTCTTCTACGAAACTAGAAAAOATOCCCCAOACTCCGACTCACCTTOCTTTTCAGTC
RNA II
CTTAAOCOATTTTGGTCATGACATTATCAAAAACOATCTTCACCTAGATCCTTTTAAATTAAAAATOAAOTTTTAAATCAATCTAAAI'.TATATATGAr.TA I «0« 
CAATTCCCTAAAACCAOTACTCTAATAGTTTTTCCTAGAAOTCGATCTAOOAAAATTTAATTTTTACTTCAAAATTTAOTTAGATTTCATATATACTCAT
TGCCAGCAGCCACTCCTAACAGGATTAGCAGAGCGACGTATGTACGCCGTCCTACAGAGTTCTTGAACTCGTCCCCTAACTACCCCTACAC'TAGA
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AACTTCCTCTOACAOTTACCAATOCTTAATCAOTCACCCACCTATCTCACCOATCTCTCTATTTCOTTCATCCATACTTCCCTCACTCCCCCTCCTCTAG ISOO TTCAACCAGACTGTCAATCGTT ACCA ATTAGTCACTCCCTGGATACAGTCCCT AGACAGATAAAGCAAGTAGCTATCAACCGACTCAGCCGCACCACATC
ATAACTACGATACGGCAGCGCTTACC ATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGCCTCCAGATTTATCAGCAATAAACCAGC 160 TATTGATGCTATGCCCTCCCCAATCCTAGACCCGCGTCACGACOTTACTATGGCGCTCTCGGTGCOAOTOOCCOAOOTCTAAATAGTCGTTATTTCGTCC IV V  I R S P K G D  P G L A A I  I G R 3G R B G A G S K D A  I PMG
C AGCCUU AAGCGCCGAGCGC AC A AGTCGTCCTGCA ACTTT ATCCGCCTCC ATCC AGTCT ATT A ATTOTTOCCGCOA AGCT AC ACT A ACT ACTTCGCC AGT 170CTCCCCCTTCCCOGCTCCCCTCTTCACCACCACGTTGAAATAGGCCCACCTACCTCAGATAATTAACAACCCCCCTTCCATCTCATTCATCAAGCGGTCAA P L A 3 R L L PO A V K O A B H W D 1 L Q Q ( * A L T L L ( C T
TAATACTTTCCCCAACOTTOTTCCCATTCCTACACGCATCGTCCTGTCACCCTCCTCCTTTCOTATCOCTTCATTCACCTCCCCTTCCCAACCATCAACG 160 ATTATCAAACCCCTTCCAACAACOGTAACCATCTCCCTAGCACCACACTCCCACCAGCAAACCATACCGAAGTAAGTCOAGCCCAAGCGTTCCTAGTTCC
ttatcgcaccactocataattctcttactctcatcccatccgtaagatgcttttctgtoactogtoactactcaaccaagtcattctoaoaataotgtat 2000AATACCGTCGTGACGTATTAAGAGAATGACACTACCGTAGCCATTCTACCA AAACACACTCACCACTCATGAGTTGGTTCAGTAACACTCTTATCACATAG O T L H K  I T P S Y B V L D N Q
CGCCGCTGCCTCAACCAGAACGCGCCCCAGTT ATGCCCTATTATGGCGCGGTCT ATCGTCTTGAAATTTTCTCOAGTAGTAACCTTTTCCAAOAAOCCCC
CCAAAACTCTCAACCATCTTACCCCTCTTCAGATCCACTÏCCATCTAACCCACTCCTCCACCCAACTOATCTTCACCATCTTTTACTTTCACCAOCCTTT 2
CTCCGTGAGCAAAAACAGCAAGCCAAAATGCCCCAAAAAAGCGAATAACGGCGACACCGAAATGTTOAATACTCATACTCTTCCTTTTTCAATATTATTO 2200 CACCCACTCCTTTTTCTCCTTCCGTTTTACCCCGTTTTTTCCCTTATTCCCCCTOTCCCTTTACAACTTATCACTATOAGAAOCAAAAAOTTATAATAAC P L C F A A P P P I L A V R P H Q I S n  l-ltetutllP M A r
CCAAAACTG 2400
CCAGTCTGACCACTTCGGATTATCCCCTCACAGGTCATTCACACTGCCTAATGCACCCAGTAACGCAGCGCTATCATCAACAGCCTTACCCGTCTTACTG 2(00 OGTCAGACTCGTGAAGCCTAATAGGGCACTCTCCAGTAACTCTGACCGATTACCTGCGTCATTCCGTCCCCATAGTAGTTGTCCGAATGGGCACAATGAC
TCCAATTATCCTCCATTCCCACAGCATCCCCACTCACTATCOCCTCCTCCTACC 2(64 AGCTT AATAGCACGTAACCCTCTCGT ACCCGTCAGTGATACCGCACGACCATCCP*r—*i • R
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INTRODUCTION
The expression vector pNM21, previously used to express the 
cub gene in E. coli employed the plasmid pAT153. A A.b kb Bull 1 
fragment carrying the c u b gene was cloned into the bamHI site oi 
pAT153. The level of expression obtained was of the order of 1-2.5X of 
the cells soluble protein. This relatively high level of expression 
(compared with the native promoter, <0 .1 %) was due to the 
transcriptional readthrough from the promoter of the upstream tet gene 
plus the cub promoter (Minton et al.. 1983a).
It should be possible to increase the level of CPG2 
expression by replacing the relatively weak tet promoter with a 
'stronger' promoter, such as that of the E. coli lac operon. 
Accordingly, a 2.03 kb Bamlll fragment carrying the c p b gene was 
therefore cloned into the Bamlll site of pUC8 , giving pKM830. Tlie lac 
promoter, however, proved difficult to regulate in the resultant 
clones. Complete repression was not possible when employing the lacl^ 
gene in the host chromosome , the high copy number of the vector, and 
therefore the lac operator site, titrates out the effectiveness of the 
repressor molecule (Backman et «1., 1976). However, complete repression 
was possible when the lacl^ gene was carried on a compatible plasmid 
(Fig.5.1.).
Unregulated overexpresalon of CPC2 drastically effected the 
physiological characteristics of the host cell, manifested an a 
reduction in cell viability, growth rate and a tendency for plasmid 
instability; all previously reported as the detrimental consequences of 
overexpression (Caulcott et^  al., 1985; Garrett et, al.( 1981). In the 
case of CPG2 this was predictable since high levels of this protein 
produced "constitutively" or in a non-regulated manner would deplete
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ru . 5.i
Expression of CPG? by pNM830. when regulated by the
A
□
A
compatible plasmid pNM52 (pACYC184+lacl3 ) In the host JMfl3. 
represents expression while catabolite repressed.
" " M with I PTC.
when not catabolite repressed.
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the cell's folic acid levels primarily therefore affecting DNA 
synthesis as a result of the lack of methyl folate.
This inability to achieve tight regulatory control of 
metabolic promoters, such as lac and trp. on multicopy plasmids 
(O'Farrell et al., 1978; Lee and Bailey, 1984) has resulted in them 
being superceded by temperature-controlled promoter systems (Remaut et 
al_., 1981; Wright et al.. 1986). Temperature-controlled systems mainly 
utilise the powerful transcriptional promoters obtained from 
bacteriophage lambda Pl  or Pr controlled by the temperature-sensitive 
repressor gene product cl. This gene product denatures at temperatures 
above 37°C providing a mechanism by which the promoter can be switched 
on, by shifting the temperature from 28°C to 42°C. This method of 
induction was preferable to induction of the lac promoter using the 
lactose analogue 1PTG. Even if tight regulation of the lac promoter 
was possible, the high cost of the gratuitous inducer IPTG would make 
its use prohibitive on the large scale.
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RESULTS AND DISCUSSION
5.1 Expression Vector Construction Exailned
Two basic vectors are examined in this Chapter; pPl c28, a Pl 
inducible expression vector derived from pAT153 and constructed by 
Remaut et al. (1981). The other pNM501, derived from pUC8 and 
constructed by N. Hinton. pNM501 was obtained by isolating the Pl 
promoter from pPLc28 as a Haell fragment, which was subsequently 
cleaved with Sau3A and the resultant sub-fragment carrying Pl  cloned 
into M13mp7. Pl was then cloned as a 256bp EcoRI fragment into pUC8 to 
give pNHSOl, this resulted in the Pl promoter running in tandem with 
the lac promoter (lac-Pi). Remaut et al. (1981) had previously 
expressed 40Z of the cells soluble protein as beta-galactosidase when 
directed by Pl in a vector with a copy number similar to pAT153. It 
was anticipated that increased levels of expression would be obtained 
utilising a vector with a higher copy number.
The cpg gene was cloned as a 2.03kb Bam HI fragment into 
pPLc28 and pNM501 to give pNM232 and pNM502 respectively. The 
designations Plb and Plc (Pl anti-clockwise and clockwise) refer to the 
direction of transcription from the cloned Pl promoter relative to the 
orientation of the origin of replication. pNM232 derived from pPl c28 
carries its Pl promoter in the opposite direction to pNM502 (Fig. 
5.2a/b).
The cloning of the C££ gene, with its own promoter, into 
pNMSOl downstream of the lac and Pl promoters results in all 3 
promoters running in tandem. Previous vectors where multiple promoters 
have been constructed have not always led to a combined level of 
expression equal to the sum of the expression due to the individual
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Schematic Diagram of (a) pNM232 and (b) pNM502
Showing the position and orientation of the cpg gene nnd the Pl 
promoter within the vector.
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promoters. deBoer et_ al. (1982) produced a trp-lac tandem promoter. 
It appeared from the expression data obtained that the frequency of 
transcriptional initiation was determined solely by the downstream lac 
promoter irrespective of the number of RNA polymerase molecules that 
had started at the upstream trp. and entered the lac promoter region. 
Transcription of the entire lac operator resulted in a messenger RNA 
with a large hairpin structure ( G ■ -22 Kcal/mol). Such structures in 
RNA have been shown to cause pausing of the RNA polymerase that 
subsequently can lead to premature termination of transcription. 
Examination of the cpg promoter (Minton and Clarke, 1985) and the Pl 
promoter (Remaut et al.. 1981) sequences revealed no secondary
structure which would inhibit transcriptional readthrough. The 
expression work carried out by Minton e£ al. (1983a) indicated no 
termination of transcription within the cpg promoter, when the tet 
promoter was used, to express CPG2 in pNM21.
The expression work carried out on pNM830, in cultures with 
and without glucose revealed that CPG2 expression was subject to 
catabolite repression, indicating the probable affect of the lac 
promoter upstream of the Pl promoter, in pNM502, could have on CPG2 
expression. Therefore, to obtain an accurate measure of the 
contribution of the Pl promoter to the expression of CPG2 , the cultures 
carrying pNM502 were supplemented with glucose to switch off the lac 
promoter. The contribution of the cpg promoter made towards expression 
was considered negligible (less than 0.2Z of the cells soluble protein 
expressed as CPG2 ).
5.2 Ho.t Strain, for Induction
The Pl plasmids constructed do not contain the £l gene coding
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for the repressor. Trsnscrlption from the Pl promoter must therefore 
be repressed by maintaining the plasmid in an E. coli strain that can 
synthesize repressor from a chromosomal cl. gene. The strain K-12AH1A 
trp (Castellazzi jet al.., 1972; Bernard et al.. 1979) harbours a
defective, non-excisable lambda prophage carrying a mutant cl. gene that 
codes for a temperature-sensitive repressor (cI857). This allows 
transcription from the Pl promoter to be activated by adjusting the 
temperature from 28°C to 42°C. K12AHlAtrp is deleted for the cro gene. 
Secondary repression of Pl -mediated expression by the cro gene product 
is therefore avoided (Takeda et al., 1977), also the K12AHlAtrp lysogen 
does not express a functional N-gene product (Nam-7am53). The 
alternative to using K12AHlAtrp was to employ an E. coli host with a 
dual plasmid system operating; two compatible plasmids, one containing 
the Pl  promoter, while the other carrying the cl. repressor gene. 
Another possibility was to clone the cl. gene onto the plasmid carrying 
the Pl promoter.
5.3 Pl Directed Expression of CPC? in the Hoat IC12AHlAtrp
Induced expression of CPG2 was examined through a series of 
shake flask experiments. Cultures of Kio AH1A trp containing the 
expression vectors under investigation, pNM232 and pNM502, were grown 
in 2 x TY (supplemented with 1Z glucose, to repress the lac promoter, 
and amplcillin, for plasmid maintenance). 1 1 batch cultures at 28°C, 
were grown in a 2 1 shake flask, shaken at 200 rpm on a bench top 
orbital shaker, to an OD4 5 0 nm °* 0.4. At this point the culture was 
divided, half raised to 42°C, the remainder maintained at 28°C. The 
cultures were maintained at these temperatures while samples were 
removed hourly for analysis. The results of the enzyme assays from
these shake flask experiments are described in Fig. 5.3, and show an , 
increase in CPG2 expression on induction. The level of expression 
obtained (of the order of 2Z of the cells soluble protein), however, 
was not comparable with the 30Z and 40% levels of expression achieved 
by Remaut et al. (1981) with beta-lactamase and tryptophan synthetase A 
respectively. Also, CPG2 was being expressed prior to induction,
possibly due to the cpg promoter, or incomplete repression of the lac 
or Pl  promoters.
Subsequently a number of 5 1 batch cultures were used to 
examine more fully the expression of CPG2 , pre- and post-induction, 
employing the same media and growth conditions as in the shake flask 
experiments. These cultures were carried out in LH 500 series
fermenters, which provided a more accurate means of induction due to 
the temperature control available, compared to the shake flask 
experiment.
Samples were removed every hour for analysis. The results 
obtained for CPG2 expression were similar to those previously obtained 
in shake flasks. CPG2 was produced throughout the culture, with 
temperature induction only slightly increasing its expression. The 
results obtained are described in Fig. 5.4. Beta-lactamase expression 
was also monitored in these cultures, its expression appeared to 
parallel that of CPG2 . A possible explanation for beta-lactamase and 
CPG2 expression running concurrent could be provided for pNM502. The 
induction of the Pl  promoter upstream of the beta-lactamase gene (bla) 
could jointly affect CPG2 and beta-lactamase expression. Unfortunately 
no such scenario could be envisaged for pNM232 where the Pl promoter 
and the bla gene are on opposite strands. An alternative explanation 
could be that the parallel levels of expression achieved by CPG2 and
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flU* 5.3
Expression of CPG-> by pNM232 and pWM502 In the Host K12AHlAtrp 
carried out In 1 L Batch Cultures
The CPG2 activity attained by pNM232 and pNM502 induced are represented 
by ■  and •  respectively. Analogous values for uninduced cells are 
represented by □  and O  • Arrow represents point of induction.
156
F ig .  5 .4
Expression of CPC? by pNM232 and dNM502 In the Host K12 HI trn 
Carried out in 5 L Batch Cultures
The CPG2 activity attained by pNM232 and pNHS02 induced nre represented 
by ■  and •  respectively. Analogous values (or uninduced cells are 
represented by □  and O  . Arrow represents the point of induction.
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beta-lactamase are not the result of any directed promoter activity, 
but simply a gene dosage response. Unlin and Nordstrom (1978) had 
previously related beta-lactamase activity directly to copy number. 
Therefore the slight increase in expression on induction could be a 
result of an increase in copy number.
Also, following induction of both constructions, beta- 
lactamase levels in the culture medium increased, suggesting that the 
normally cell-bound beta-lactamase was being released. This, coupled 
with the observation that cell viability falls rapidly following 
induction, suggests that cell lysis may be occurring.
5.3.1 Effect of Copy Number on Expression
Analysis pre- and post-induction of both cultures shows a 
dramatic increase in the copy number of both vectors immediately 
following induction (Fig. 5.5). Following induction the copy number of 
pNM502 increased from 150 to 700, while that of pNM232 rose from 50 to 
116. In both cases the elevated copy number was maintained over the 
period of induction.
Although Remaut et al. (1981) did not carry out any copy 
number analysis on the original vectors, Siegel and Ryu (1985), working 
with similar Pl plasmid constructions, observed an increase in plasmid 
content associated with a reduction in growth rate following induction. 
They also showed that the host strain, K12 AHlAtrp. containing the pP^. 
vectors exhibited a slower deceleration of specific growth rate and 
plasmid loss from the population under the derepressed condition 
compared to the host containing pP^a vectors. This is in agreement 
with the observation of Remaut et «1. (1981) that the anti-parallel "a" 
configuration of the operator, with respect to the origin, has an
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Fl£ ;-U>
Copy Number of pNM232 and pNM502 Pre- and Post Induction 
in the Host K12AHlAtrp
Copy number of pNM232 and pNM502 pre-induction are represented by and 
respectively, while the copy numbers of pNM232 and pNM502 post­
induction are represented by |  and •  respectively. Arrow represents 
point of Induction.
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adverse effect on protein synthesis. The host strain, K12AH1Atrp 
containing the vectors under examination also exhibited a reduction in 
growth rate upon induction (Table 5.1) with the host containing pNM232, 
(a pPlc orientation) exhibiting a slower deceleration of growth rate 
compared to the host containing pNM502, (pP^a orientation) following 
derepression. Stueber and Bujnard (1982) have demonstrated that an 
inverse correlation between copy number and growth rate exists. The 
increase in copy number following the temperature induction of Pl 
expression could therefore be explained in terms of a decrease in the 
growth rate. This would be caused by the increased production of the 
Pi, promoted gene product, cumulating in the observed cell lysis and 
release of beta-lactamase into the culture medium which accompanied 
induction. The elevated copy number of pNM502 following induction 
could also arise from transcription readthrough from the Pl promoter to 
RNAII, which would produce an increase in copy number.
The increase in copy number and gene dosage accompanying 
induction, prevents an accurate measure of the induced Pl promoter 
activity being obtained. McKenny et al. (1982) attempted to eliminate 
the problem when comparing promoters with different transcriptional 
activities on different multicopy plasmids. By relating specific 
activity to copy number, a measure of the promoter strength of 
different plasmid constructions exhibiting different copy numbers could 
be obtained. Applying the same relationship to the varying levels of 
expression and copy numbers of the vectors under investigation it was 
possible to show that the relative promoter strength did not increase 
with induction (Table 5.2). Therefore, the slight Increase in CPG2 
activity could be solely attributed to the increase in copy number and
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T a b le  5 .1
Variation in Growth Rates and Co p t  Number Pre- and Post-Induction of 
dNM232 and pNM502 in the Host K12AHlAtrp.
Growth rate determined by the rate of change of optical 
density (hr-1) during batch growth. Copy number values used in table 
were mean values taken during the pre and post-induction phases.
Pre-induction Post-induction
Growth rate Copy Number Growth rate Copy Number
pNM232 0.81 50 0.40 116
pNM502 0.77 150 0.25 750
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not increased promoter activity.
5.4 Pl  Directed Expreaaion of CFG? in the host W5445
Further work on the Pl  induced expression of CPG2 was carried 
out employing a dual plasmid system in the host W5445. In this system 
the cl repressor gene was carried on pACYC177 (designated pcI857), 
which is compatible with the ColEl derived vectors under examination. 
Shake flask and 5 1 batch cultures identical to thoae previously 
carried out (in Section 5.3) were used to compare the levels of 
expression obtained with these vectors in W5445 to those previously 
obtained in the host K12AH1 A trp. The results obtained are described 
in Fig. 5.6. The results show that pNM502, post-induction produces 
higher levels of expression. 7X of the cells soluble protein expressed 
as CPG2 in W5445, compared to the 2X expressed in IC12AHlAtrp. The 
level of expression of CPG2 produced by pNM232 in W5445 was 3-fold 
lower than that expressed by pNM502, consistent with the copy number 
variation between the two plasmids. The level of expression directed 
by pNM232 in W5445 (2X of the cells soluble protein expressed as CPG2 ), 
was comparable with the level of expression obtained in K12AHlAtrp.
Relatively high levels of CPG2 expression were exhibited 
prior to induction. Indicating inefficient repression of the Pl 
promoter by the cl gene product. This inefficiency can be attributed 
to the high copy number of pNM232 and pNM502. pcI857, derived from 
pACYC177 has a copy number of 20 (Chang and Cohen, 1978) and therefore 
is unlikely to produce enough cl repressor. This contradicts Remaut et 
al. (1981) claim that a single copy of the cl gene produces enough 
repressor to completely repress the Pl promoter, even when present on a 
multicopy plasmid.
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Expression of CPG? by pNM232 and pNM502 in the Host W5445 
Carried out in 5 L Batch Cultures
The CPG2 activity attained by pNM232 and pNM502 induced are represented 
by ■  and •  respectively. Analogous values for uninduced cells are 
represented by □  and O  . Arrow represents point of induction.
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Analysis of the copy number of pNM502 and pNM232 in W5445, 
pre and post-induction revealed, in contrast to K12 AHlAtrp, only a 
slight increase in copy number. Also, measurement of CPG2 expression 
in terms of promoter strength indicated that the increase in CPG2
expression on induction was due to an increase in promoter strength and 
not as a consequence of a gene dosage (Table 5.2).
5.4.1 What Effect does Cloning the cl Gene into pNM502 have on
Induced Expression?
The combination of pNM502 in the host W5445 had provided the 
highest expression levels of sll the vector systems examined. The 
combination of a strong promoter on a high copy number vector resulted 
in about 10% of the cell soluble protein being expressed as CPG2 . This 
level of expression, although high compared to the other constructions 
available, it is not as high as expected. The Pl  promoters had
previously been used to express heterologous protein at levels of 30 to 
40% soluble protein (Remaut et al.. 1981). One possible explanation 
for the relatively low levels of CPG2 expressed could be attributed to 
the Pl  promoter not being fully repressed. CPG2 expression taking 
place throughout growth, induction only slightly increasing the level 
of expression. Such constitutive expression would be detrimental to 
the host, resulting in poor expression. The Pl promoter-operator
located on the high copy number vector is repressed by the cl. gene 
product located on the low copy number plasmid pc 1857. The high copy 
number of the vector is probably sufficient to titrate out the
repressor molecule, resulting in constitutive expression from the Pl 
promoter.
Tight regulstion of the Pl promoter could be achieved by
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cloning the £l gene onto the expression vector itself, thereby 
providing sufficient cl. gene product to fully repress the promoter. 
The cl. gene was isolated from pc!857 as a 0.94 kb Taql fragment, and 
cloned into the Accl site of pNM502. The resulting plasmid designated 
pNH502cl. should provide enough repressor molecules to repress the 
downstream P^ promoter when maintained at 26°C. When uNM502c 1 was used 
in conjunction with the strain W544S, reduced levels of 0 * 0 2 activity 
were recorded, compared to the dual plasmid system, prior to induction. 
On raising the temperature from the permissive 28°C to 42°C, induction 
of CP(>2 activity occurs. The difference in the level of expression 
obtained was 17X of the cells soluble protein expressed as CPG2 , tor 
the single plasmid system compared to 7X obtained in the dual plasmid 
system. The difference appears to be due the effectiveness of the 
repression when the £l^  gene co-exists on the same plasmid with F^ ,. jhe 
results obtained from this experiment are described in Fig. S.7.
5.5 Pi Directed Expression of Chloramphenicol Acetyl-Transferase
(CAT) in the Host W5445
The need for CPG2 tor clinical trials in tumour therapy had 
led to its choice as the major gene product within the laboratory to be 
expressed in a high expression vector. As a model system it is a poor 
choice. The codon utilisation of the cpg gene (Table 5.3) is unusual 
and predictably influenced by the high G-C content (67Z) of the UNA. 
The bias towards G or C nucleotides is most marked in the wobble 
position where there is a 93X preference tor codons ending in a G or C. 
Grosjean et al.. (1978) have described how optimal expression of genes 
in fcnterobacteriaceae is achieved by the selection of codon on the 
basis of an optimal codon-anticodon interaction energy. The observed
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Expression of CPG? bT pNH502 cl In the Host W5445 
Carried out in 5 L Batch Cultures
The CPG2 activity attained by pNM502 c_I induced are represented b y «  . 
Analogous values for uninduced cells are represented by O  . Arrow 
represents point of induction.
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basis of an optimal codon-anticodon interaction energy. The observed 
preference of the cpg gene for the C or G in the wobble postion would 
appear to restrict adherence to these rules. The preference for NNC 
codons in the case of Phe, lie, Tyr, and Asp suggest that cpg gene 
highly expressed, while the preference for NNU codons in the case of 
Pro, Ala, Arg and Gly indicates that the cpg gene is weakly expressed. 
Other features apart from codon preferences, also play a role in the 
level of product produced, such as the rate of transcription and mRNA 
stability. Also high levels of expression of CPG2 would result in a 
drastic reduction in the folate pool in the cell, thus affecting both 
cell metabolism and DNA synthesis. The most common gene product used 
to examine promoter activity and expression is chloramphenicol acetyl 
transferase (CAT) (Close and Rodriguez, 1982; Cohen et ¿¡il_., 1980), an 
enzyme which despite having poor codon utilisation, is known to be 
expressed and tolerated at high levels in E. coli (Bennett and Shaw, 
1983). To examine if the relatively poor expression of CPG2 was due 
solely to the nature of the enzyme, the cat gene was substituted for 
the cpg gene. CAT was cloned as a 0.77 kb TaqI fragment from pBR325 
into the AccI site of pNM502. The resulting plasmid, with cat now 
under the transcriptional control of the P^ promoter, was designated 
pNM503. When examined in batch culture pNM503 in W5445 exhibited 
similar expression levels, (7% of the cells soluble protein expressed 
as CAT) to pNM502 where CPG2 was expressed. Thus, although the codon 
utilisation of CPG2 is probably poor, it does not appear to make much 
difference to the levels of expression achieved, in comparison to CAT 
expression.
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The final construction examined utilising the Pl  promoter, 
incorporated all the factors that have been examined in this thesis; a 
high copy number plasmid (in this case pUC8 ) was used as the backbone 
to carry the Pl promoter, the par locus and the £l gene.
A description of the isolation of the Pl  promoter from the 
plasmid pPl c 28 constructed by Remaut et^  al. (1981) and its subsequent 
cloning into pUC8 , to produce pNM501 has already been described 
previously in this chapter (section 5.1). The additional fragments 
inserted into pNM501 are all cloned into the pUC8 polylinker region. A 
schematic representation of the construction of pCMIO is described in 
Fig. 5.8. The par locus was the first addition to pNM501. Isolated as 
a 479 bp Aatll-Hindlll fragment from pAT153 par, which was further 
redigested with TaqI and subcloned into the AccI site of pNM501 to give 
the plasmid designated pNM501 par. Cloning the par fragment in the 
correct orientation resulted in the AccI site being recreated within 
the linker; into which the £l gene, isolated as a 940 bp TaqI fragment 
from pcI857. can be cloned. The final construction designated pCMIO 
(Fig. 5.8), contained the cpg gene as a 2.03 Kb BamHl fragment cloned 
into the BamHl site in the polylinker, downstream of the Pl  promoter.
The levels of CPG2 expression obtained from pCMIO was 
examined as previously in 1 1 shake flasks and 5 1 batch cultures. The 
results for the 5 1 batch experiments are described in Fig. 5.9. As 
expected the levels of expression obtained using pCMIO, pre- and post­
induction are similar to those achieved by pNM502cI. The maximum level 
of CPGj expression produced by pCMIO was of the order of 17Z of cells 
soluble protein; comparable with the maximum level of CPG2 expression 
obtained by pMM502cI.
5 .6  C o n s tru c tio n  o f pCMIO
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C o n s tru c tio n  o f pCMIO
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Fla. 5.9
Expression of CPG? by pCMIO in the Host W5AA5 Carried out 
in 5 L Batch Cultures
The CPG2 activity attained by pCMIO induced are represented by • 
Analogous values for uninduced cells are represented by O.
Arrow represents point of induction.
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5 .7 E f fe c t o f In d u c tio n  on Plasm id S t a b i l i t y
Seigel and Ryu (1985) reported plasmid loss following 
induction. Therefore, as part of our investigation into PL-induced 
expression it was decided to examine the effect of temperature-induced 
derepression on the segregational stability of pPl  expression vectors.
The strains dNM502/K12 AH1 Atrp and pNM232/K12AH1 Atrp were 
grown under carbon limitation in a chemostat at a dilution rate of 0.05 
h"l. The two cultures were originally maintained at 30°C, but once a 
steady state was obtained the temperature of the cultures was raised to 
A2°C. This induction resulted in plasmid instability, pNM502 being 
lost from its population after 15 generations; with pNM232 plasmid free 
segregants did not occur until after 13 generations and complete 
plasmid loss was only obtained after 27 generations (Fig. 5.10). This 
result confirms the observation made by Seigel and Ryu (1985) that pPLC 
plasmids experience slower loss from the population under the 
derepressed condition compared to pPLa plasmids.
When examining the dual plasmid system for segregational 
stability in the strain W5445, the pPt plasmids were found to be very 
unstable. They were so unstable that continuous culture could not be 
employed, since the plasmids were lost before a steady state was 
achieved. As a result batch cultures were used exclusively to monitor 
the stability.
The batch cultures were sampled hourly, stability of plasmid 
pcI857 being monitored on Km plates, while pPt plasmids were monitored 
on isosensitest plates. The results as described in Fig. 5.11 show 
that while pc!857 was maintained throughout the cultures, pNM502 and 
pNM232 were lost rapidly from the culture, prior to induction. 
pNM502cI when monitored for segregational stability in batch culture.
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Fig- 5.10
Segregations! Stability of pNM232 and pNM502 when Induced 
in the Host K12AHlAtrp
The constructions under examination were grown in K12AlilAtrp under 
carbon nutrient limitation at a dilution rate of 0.05 hr-1. Once a 
steady state was achieved at 30°C, the temperature was increased to 
A2°C. pNM502 was lost rapidly from the population after 15 generations 
( •  ), while pNM232 was lost from the population after 27 generations 
( ■  ).
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showed a marked increase in stability compared to pNM502 in a dual 
plasmid system presumably due to increased repression of the Pl 
promoter which results when the plasmid carries the cl^  gene.
When similar batch cultures were used to examine the 
segregational stability of pCMIO, they revealed that the addition of 
the par locus to the backbone had improved the segregational stability, 
compared to pNM502cI (Fig. 5.11). The combination of repression of the 
PL directed expression by the cl gene and the addition of the par locus 
appear to improve the segregational stability of the vectors under 
examination.
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FIR. 5.11
Segregations! Stability of pNM232 and pNM502 with pcI857 
and pNM502 cl and pCMIO in the Host W5445 
The segregational stability of pNM232 ( 0 ) 1  pNM502 with pc 1857 ( O  ), 
pNM502cI ( A  ) and pCMIO ( £  ) in W5A45 were monitored in batch 
cultures. The cultures were initially grown at 28°C (open symbols) and 
then during the experiment the temperature was raised to A2°C (closed 
symbols).
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CONCLUDING RB4ARKS
In the series of experiments examining Pl directed CPG2  
expression a number of previously unreported observations have been 
made. Remaut et al. (1981) based much of their expression work in K12 
AH1 A  trp and were able to achieve 30X soluble protein of beta- 
lactamase expressed by the Pl promoter. This level of expression was 
never achieved in the expression vectors employed in this chapter, 
although the means of estimating levels of expression are not the same. 
Also, Remaut et al. (1981) observed no copy number variation or fall in 
cell viability on Induction. Both features dramatically observed in 
our expression system, have also been identified by Seigel and Ryu 
(1985) who also observed a similar phenomenon following induction.
The increase in copy number observed was linked directly to 
the decrease in growth rate following induction. Stueber and Bujard 
(1982) and Lin-Chao and Bremer (1986) put forward experimental data 
showing the inverse proportionality between copy number and growth 
rate. The coupling of frequency of initiation of replication and 
growth rate was initially put forward by Prichard (1969) in the 
inhibitor dilution model, although based on chromosomal replication it 
could be extended to plasmid replication control. The inhibitor 
dilution model was initially proposed to explain the observation that 
chromosomal replication initiation always occurs at constant cellular 
mass/chromosome ratio (Donachie, 1968).
Basically, Prichard predicted the existence of an inhibitor 
which was, either synthesised in a burst during replication, or 
synthesised constitutively and was unstable. Cell growth leads to an 
increase in cell volume and therefore a progressive dilution of the
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inhibitor substance, whereupon replication initiation occurs and more 
inhibitor is synthesised. This model can be applied to plasmid 
replication where the synthesis rates of RNAI and RNAII, as well as the 
stability of RNAI and the efficiency with which it prevents priming of 
replication, remain constant. Any drop in copy number due to random 
fluctuations, would lead to a temporarily increased rate of plasmid 
replication, while a higher than normal copy number would have the 
opposite effect. i.e.. a temporarily decreased rate of replication. 
For any given growth rate, an equilibrium plasmid copy number exists at 
which the rate of replication is equal to the rate of plasmid dilution 
by cell growth. Without this negative control, plasmids would either 
be diluted out by cell growth or exhibit a run away type of replication 
which would be lethal to the cell.
This phenomenon is most dramatically seen when growth rate 
was reduced to zero by the inhibition of protein synthesis, and thereby 
cell division, by the addition of chloroamphenicol (Clewell, 1972). 
Lin-Chao and Bremer (1986) showed that RNAI Inhibition of plasmid 
replication was at a minimum under such conditions, while Stueber and 
Bujard (1982) showed that the addition of chloroamphenicol resulted in 
the amplification of plasmid copy number. The addition of 
chloroamphenicol has long been used to amplify the copy number of ColEl 
derived plasmids prior to plasmid isolation (Maniatis et al., 1982).
The increase in copy number following induction could 
possibly explain the low levels of expression obtained when Pl was used 
in K12 AH1A trp. The expenditure of so much energy on plasmid 
replication would reduce the cell's ability to carry on transcription 
and translation functions. This is a problem previously observed in 
runaway replication vectors (Uhlin et al.. 1979).
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More success in expressing CPG2 was achieved employing a dual 
plasmid system, one vector carrying the Pl promoter and gene product, 
the other co-resident plasmid contained the cl_ gene. Expression in 
this system was constitutive, full repression was not achieved due to 
copy number variation between the vector carrying the promoter and the 
one carrying the repressor. The results obtained with the dual plasmid 
system emphasise the need to provide cl repressor protein at levels 
appropriate to the copy number of the promoter operator sequences; if 
complete repression of the promoter system is to be achieved.
Incorporation of the cl gene into the backbone of the vector 
in pNM502cI and pCMIO increased the degree of temperature regulation 
over the Pl  promoter. This, and the addition of the £ar locus in the 
vector, resulted in the highest level of CPG2 expression from all the 
vectors examined (Fig. 5.9). In conclusion, it was anticipated that 
pCMIO would help meet the demands for the high expression of CPG2 in 
production, providing the system was capable of being scaled-up.
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INTRODUCTION
The next step in the development of this expression system 
was the scale-up of the fermentation of W5445, utilising pCMIO for the 
large scale production of CPG2 . The process had to be scaled up to 400 
1, the capacity of the vessel to be used at the Microbial Technology 
Laboratory's Pilot Plant. Preliminary scale up work was carried out in 
a 15 1 open frame New Brunswick Scientific (NBS) industrial fermenter. 
Scale-up was simplified since the volumetric oxygen transfer co­
efficient (KLa) of all the vessels used was known, and had similar 
geometry. The plans and construction details of the fermentation 
vessels used have previously been described by Elsworth and Stockwell 
(1968). The seed vessel (20 1) was denoted BR, while the main 
production vessel (400 1) was denoted ER.
RESULTS AND DISCUSSION
6.1.1 Fermenter Medium
The fermentation medium used was described in Chapter 2, it 
comprises of glycerol, casamino acids, yeast extract and simple salts. 
The media was designed to meet the needs of the expression system. 
Glycerol as the major component in the medium plays a key role in the 
fermentation. As the main carbon source, catabolite repression of the 
lac promoter which runs in tandem with the P^ promoter is minimised, so 
maximising expression. The growth rate of cells when grown on glycerol 
was lower than comparable cells grown on glucose (Lin-Chao and Bremer, 
1986). This results in an increase in copy number and gene dosage 
thereby increasing expression. A similar glycerol based fermentation 
medium has previously been used in a high expression system for the
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production of protein A (Shuttlevorth et al.. 1987). It appears that 
the rheology of the fermentation medium, possibly due to the high
concentration of glycerol, protects the inherent fragility of the 
overproducing cells. The ingredients of the fermentation medium were 
dissolved to make up a concentrated broth to enable easy transfer to 
the vessel, where the medium was made up to its correct volume with 
distilled water. The medium was then sterilised in situ by heating the 
vessel with steam under pressure to 121°C for 30 min. After
sterilisation, the vessel’s water jacket was used to bring the 
temperature down. Once the temperature was about A0°C sterile
solutions of ampicillin ( 1 0 0  /*g/ml) and MgCl2 were added aseptically to 
the media via an additional port on the vessel's top plate.
6.1.2 Seed Preparation
A single colony of pCM10/W5445 from an L-agar plate
containing ampicillin (100 /ig ml-1) incubated at 28°C was used to 
inoculate a 10 ml L-broth culture containing ampicillin at the same 
concentration. This culture was incubated at 28°C in a bench top 
shaker, shaken at 260 rpm for 6 to 8 hr. This in turn was used to 
inoculate a sterile 2 1 flask containing 1 1 of L-broth with ampicillin 
at the appropriate concentration. After incubation at 28°C for 6 to 8 
hr (shaking at 160 rpm), this culture was transferred aseptically, in a 
MDH laminar flow cabinet, to a sterile seed bottle. The seed bottle 
provided a convenient method of transferring the inoculum into the 
vessel aseptically.
6.1.3 Fermentation
The 15 1 and the 20 1 seed culture were both inoculated by
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the aseptic addition of a 1 1  seed, and aerated by the addition of 
filter-sterilized bottom air at a rate of 1 vvm. The temperature of 
the culture was maintained at a constant 28°C with a thermostatically 
controlled water jacket. The pH of the culture was maintained at 7.0 
with the automatic additions of 1 M NaOH or 20Z (w/v) H3PO4 . Dissolved 
oxygen tension (DOT) was maintained at or above 30Z with the use of 
variable impeller speed. Foaming was controlled as necessary by the 
addition of PPG-2000 antifoam and the use of back pressure.
At the mid to late stage of exponential growth, as estimated 
from 0D 600 nm readings and CO2 production, the seed culture was 
transferred to the main vessel. Control in this vessel was identical 
to the seed vessel and the NBS 15 vessel. The 15 1 and 400 1 cultures 
were both grown for approximately 8 to 9 hr (late exponential growth, 
as estimated from 0D readings and monitoring CO2 production). At this 
stage of growth, induction was initiated by raising the temperature to 
42°C by a steam injection into the jacket of the vessel. After 
maintaining the temperature at 42°C for 30 min the culture was 
harvested.
6.1.4 Harvesting
The culture was harvested 30 min after induction. The 15 1 
culture was crash cooled by passing cooling water through the vessel 
jacket. At the same time pH and antifoam additions were isolated and 
air to the vessel was switched off. The culture was then transferred 
directly to a Westfalia separator centrifuge, using back pressure where 
necessary. The centrifuge was run at 8000 rpm and flow rate was 
approximately 15 1 hr-1. The 400 1 culture was similarly crash cooled 
and centrifuged through two De Laval centrifuges running in parallel at
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a flow rate of 50-60 1 hr-1. The cell paste was removed from the 
centrifuge bowls, packed in 500 g lots in plastic bags, squeezed flat 
using a roller and snap frozen in cardice at -80°C. The frozen cell 
paste was then stored at -20°C until used.
6.1.5 Monitoring of Culture
6 .1.5.1 Culture conditions
As stated in 6.1.3, pH was monitored and controlled between 
preset parameters by automatic acid/alkall additions. Foaming was 
controlled by additions of PPG 2000 antifoam and backpressure. 
Temperature was maintained until induction at 28°C by a 
thermostatically controlled water jacket. DOT was maintained where 
possible above 30X using stirrer speed and monitored using an Ingold 
dissolved oxygen probe. The CO2 content of the effluent gas from the 
culture was monitored using an Analytical Development Corporation Ltd 
CO2 analyser model SS-200. The growth of the culture was monitored by 
readings made at 600 nm using a Pye Unicam SP6 spectrophotometer. A 
more accurate means of measuring the progress of the culture was by 
carrying out viable counts on tryptone soya broth agar and lab dry 
weight (LDW) measurements on culture samples. The viable counts and 
LDW measurements were carried out after the culture on samples stored 
up to a maximum of 8 hr at +A°C. Viable count plates were also 
examined for evidence of contamination. Any morphological variation 
between colonies were further examined by Gram strain and API kits to 
determine the purity of the culture.
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6 .1.5.2 Biochemical analysis
The level of CPG2 activity was monitored using the CPG2 assay 
described in Chapter 2. Determination of the total protein content 
allowed the specific activity of CPG2 to be calculated. From the 
specific activity of pure CPG2 the percentage of enzyme as soluble 
protein was calculated. Confirmation of this value was made by 
analysis of culture sample run on an SDS-PAGE gel, which also gave a 
'crude' estimate to the level of CPG2 as percentage of the total 
soluble protein.
6 .1.5.3 Genetic Analysis
Segregational stability of the plasmids in the culture was 
monitored by the presence of ApR colonies producing beta-lactamase on 
isosensitest agar and CPG2 activity in colonies on folate plates.
Structural stability was monitored by restriction analysis of 
the plasmid throughout the culture with reference to a control sample 
of the plasmid. Screening for the physical presence of the plasmid on 
agarose gels allowed copy number estimations to be made on the plasmid 
in the culture.
6.2 15 1 Small scale culture
The fermentation took place over 8.5 hr. Following 
inoculation the culture grew rapidly, accompanied by an increase in the 
production of CO2 and fall in DOT. The pH of the culture rose during 
the log phase of growth, uncharacteristic of most E. colt 
fermentations. Usually the production of acids from the tri-carboxylic 
acid and glycolytic cycle results in a decrease in pH during 
fermentation. This increase in pH was possibly due to the utilisation
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and deamination of the casamino acids in the medium as the carbon 
source. This observation was supported by the finding that the level 
of glycerol in the medium remained constant. This suggested that 
glycerol did not act as the primary carbon source, but was superceded 
by the more readily metabolised casamino acids. Induction took place 8 
hr after inoculation, judged to be near the end of the log phase. The 
temperature jump to 42°C required for induction was achieved within 6 
min. After induction a rapid increase in CO 2 production took place, 
coupled with a decrease in DOT.
During the induction period, the stirrer speed was unable to 
maintain DOT levels above 30Z as a result IS min after induction the 
DOT fell below zero for 5 min. Increasing the air flow rate to 2 vvm 
enabled the DOT to be restored to 301. The fermentation parameters of 
this culture are illustrated in Fig. 6.1.
Assays on the culture showed that a certain amount of CPG2 
was produced prior to induction. Immediately after induction there was 
a dramatic increase in CPG2 levels, this increase peaked 20 min after 
induction, at 85 U mg-1. The levels of CPG2 expressed during this 
culture are described in Fig. 6.2. Calculation of the Z total soluble 
protein from SDS gels and specific activity levels showed that CPG2 was 
expressed at 17Z soluble protein following induction. The culture was 
harvested 30 min after induction, yielding a total of 770 g of cell 
paste, wet wt, corresponding to a dry wt of 240 g.
Monitoring the segregational stability of the plasmid during 
the culture revealed only slight plasmid loss, the greatest loss being 
experienced during the induction phase. The segregational stability of 
the plasmid during the culture is illustrated in Fig. 6.3. The 
structural stability of the plasmid was maintained throughout the
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Levels of CPG? Expression During Fermentation of 
15 1 Small Scale Culture
Expression was induced after 8 hr by raising the 
temperature of the culture in 6 min to 42°C from 28°C for 
30 min before harvesting.
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F i « »  6 .3
Segregations! Stability of dCMIO in W5445 Purina 
15 1 Small Scale Culture
Segregational stability was followed by monitoring the Z 
ApR colonies and Z CPG2 expressing cells in the population 
during fermentation.
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culture.
Large Scale Production Culture
The main culture was inoculated, with a 6 hr old seed
6.3
culture, judged to be at a mid log phase of growth, thereby ensuring 
that the main culture commenced growth immediately and reduced the lag 
phase. The fermentation parameters of both the seed and main culture 
mirrored that experienced by the IS 1  culture, prior to induction.
Induction of the main culture was Initiated after 9 hr of 
fermentation, the temperature jump was achieved within IS min. A rapid 
increase in CO2 production and fall in DOT was monitored, but unlike 
the 15 1 culture DOT was maintained above 30% by supplementing the 
inlet air with oxygen. The fermentation parameters of the seed and 
main culture are illustrated in Pigs. 6 .A and 6 .S respectively.
CPG2 activity in samples from the seed and main culture prior 
to induction were modest in comparison to the CPG2 levels following 
induction. After induction CPG2 levels rose Immediately from 9.3 U 
mg- * to 74 U mg-* after 15 min. The amount of CPG2 as % total soluble 
protein was calculated to be 14. The levels of CPG2 expression in the 
main culture are illustrated in Fig. 6 .6a/b. The culture was harvested 
30 min after induction, yielding 10.12 Kg of cell paste, wet wt, 
corresponding to a dry wt of 3.1 Kg.
Monitoring the segregatlonal stability of the plasmid during 
the fermentation revealed a fall in the number of plasmid-containing 
cells in the main vessel, falling rapidly post induction. The degree 
of plasmid loss is illustrated in Pig. 6.7. In contrast to this 
plasmid loss, the copy number of the remaining plasmids appeared to 
increase, ns illustrated in Pig. 6 .8 .
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Levels of CPG? Expression During Fermentation of 
400 1 Production Culture
Expression was induced after 9 hr, by raising the temperature 
of the culture in 10 min to 42<>C from 28°C and maintaining it 
for 30 min before harvesting.
Fig. 6.6a
Time (hr)
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Fia. 6 .6b
Levels of CPC? Expression During Fermentation of Production 
Cultures as Observed on an SDS-PAGE 
A series of samples were taken during the course of the 
fermentation and run on a 11% SDS-PAGE. The samples show 
the increase in CPG 2 during the fermentation and 
particularly the increase, post-induction, in the final 
sample. The CPG2 band is indicated by the arrow.
7 8 9 95hr
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Segregational Stability of pCMIO in W5AA5 During Production
F ig . 6 .7
Culture
Segregational stability was followed by monitoring the Z Ap^ 
colonies and Z CPG2 expressing cells in the culture during 
fermentation.
Variation of Copy Number Purina Fermentation
F ia .  6 .8
Plasmid content observed in whole cell lysates run 
agarose gels.
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CONCLUDING REMARKS
The scale up of the process was successful in that it 
provided valuable cell paste from which CPG2 could be extracted 
fulfilling some of the demands for CPG2 made by clinical trials. The 
expression system employed previously, pNM21 in the host W5445, had at 
best only ever expressed CPG2 as 2% of total soluble protein. This was 
in comparison to the 14% soluble protein expressed in this production 
culture. This increased expression was due to the combination of a 
number of features; the higher copy number of pCMIO (600) compared to 
pNM21 (150), the more powerful promoter employed Pl compared to tet. 
the enhanced stability due to par and high CPG2 expression being 
limited to a short period at the end of the culture.
The 17% level CPG2 expression produced at 15 1 was not 
previously duplicated in scale-up, presumably due to plasmid loss in 
the production culture, 20% ApR cf. 50% ApR indicating that the addition 
of par to the expression vector had not totally stabilized the plasmid 
in the population. Subsequent purification of CPG2 was as described 
by Sherwood et al. (1985). The host W5445 is not an ideal host due to 
its high natural endotoxin production, although it is possible to 
remove this during purification.
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7. GENERAL DISCUSSION
The aim of the work described in this thesis was to improve 
the expression of CPG2 , previously obtained using pNM21 in the host 
W5445. The potential value of CPG2 in cancer chemotherapy had 
necessitated the need for a high expression system for CPG2 .
The work was originally directed at the instability of pNM21 
in W5445 observed in large scale fermentations. This plasmid loss 
results in a decrease in CPG2 yields obtained from the fermentation. 
The natural parental plasmid pAT153 was subsequently shown to be 
maintained in W5445 under continuous culture, while pNM21 was shown to 
be unstable under identical conditions. It was inferred from this 
observation that the plasmid instability must be a consequence of the 
insertion of the cpg gene into pAT153 and/or CPG2 expression. In an 
attempt to resolve this problem the par locus was used to stabilise 
pNM21 and other pAT153 derivatives. The par locus proved successful in 
stabilising pNM21, although it could not selectively maintain a plasmid 
in a population only improve the partitioning mechanism. Also the par 
locus did not Improve CPG2 expression above that which could be 
achieved by pNM21 when fully maintained in the population.
One of the simplest ways of achieving high expression is by 
utilising a high copy number vector. In the course of examining the 
copy number of a range of plasmids, the pUC plasmids were shown to 
exhibit a significantly higher copy number than their nearest 
derivative pAT153. In the construction of the pMTL cloning vector, a 
series of vectors analogous to pUC, the opportunity arose to examine 
the difference between pAT153 and pUC plasmids. Sequence analysis of 
pAT153 and pUC8 identified a single base change within the RNAII
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region, immediately preceding the RNAI region. This region is known to 
play a key role in replication control, and several copy number 
mutations have been Identified within this region (Davison, 1984). It 
was therefore concluded that the single base change identified could 
account for the elevation of copy number observed between pAT153 and 
pUC8 .
It has recently been communicated to us by S. Cole that the 
RNAI transcripts produced by pUC plasmids are 3 bp smaller than those 
produced by pBR322. It is therefore likely that the G to A 
substitution has altered the position at which transcription of RNAI 
initiates. The 5' single strand domain of RNAI has been shown to be 
crucial for the interaction of RNAI with RNAII (Dooley and Poliaky, 
1987) and thereby, regulation of plasmid copy number.
The low levels of CPG2 expressed obtained from pNM21 are due 
to the transcriptional readthrough from the relatively weak tet 
promoter, situated upstream from the cpg gene. Previous attempts to 
increase the expression of CPGj utilising a more powerful promoter had 
involved cloning the cpg gene downstream of the lac promoter in pUC8 . 
The subsequent levels of CPG2 expression obtained were disappointing. 
One possible explanation for the low levels of expression obtained was 
that CPG2 was being overexpressed, and that the high levels of CPG2 
were proving to be detrimental to the host. Although the lac promoter 
is defined as inducible, full repression is not obtainable. An 
alternative inducible promoter Pl , used in conjunction with the cl, gene 
was therefore investigtated. The Pl  promoter fully repressed at 28°C 
by the c£ gene product would minimise the adverse affects of over 
expression by separating cell growth and cell biosynthesis into two 
distinct phases. Induction carried out at a stage in the growth cycle
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when cell densities were at their highest and therefore the protein 
synthesising capacity of the culture will be at its maximum.
PL directed expression of CPG2 when examined in the host K12  
AHlAtrp revealed unexpectedly low levels of CPG2 expression, compared 
to previous reports where Pl expression vectors have been used. The 
levels of CPG2 expressed did increase following induction, but this 
appeared to be as a result of an increase in copy number. Higher 
levels of expression were achieved in the host W5445, when the ci gene 
was carried on a separate plasmid which co-exists with the expression 
vector. Complete repression of Pl was not achieved, due to the copy 
number difference between the two plasmids. The higher copy number of 
the expression vector titrates out the cl repressor molecule, reducing 
the effectiveness in repressing the Pl promoter. Repression of the Pl 
promoter was achieved by cloning the cl_ gene into the expression 
vector, thereby increasing its gene dosage, producing more effective 
repression and regulation of expression. The tighter regulatory 
control of CPG2 expression using this method resulted in the highest 
levels of CPG2 expression being achieved.
A basic expression vector was constructed employing the 
features explored; the par locus, the Pl promoter and the c i  gene on a 
high copy number backbone. The final test for this expression vector 
was the scale up and large scale production fermentation. This 
expression vector system when used in large scale production of CPG2 , 
produced an 8-fold increase in CPG2 levels over the previous vector 
system employed for production. Therefore the aim of this thesis has 
in part been achieved.
The work carried out in this thesis has also provided much of 
the ground work and a starting point for the construction of a series
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of expression vectors based on the pMTL cloning vectors, employing many 
of the features examined. The strategy revolves around the 
construction of vector systems as 'cassettes' in which the individual 
units combine in unique sites in the backbone in the necessary 
configuration. It will be possible to construct a cassette carrying 
different replicons, (eg ColEl, RSF1010, a runaway replicon and a 
temperature sensitive replicon) different repressor genes (e.g.. cl 
gene, laclQ). different promoter systems (eg lac, trp. tac and Pl ) and 
different signal peptides giving a choice of product localisation 
either cytoplasmic or secreted.
The work presented has examined ColEl replicon vectors; their 
stability, fitness, copy number, mobilisation and use in expression. 
The improved segregational stability and fitness afforded to the 
vectors examined, by the par locus, necessitated its incorporation in 
subsequent vectors constructed and highlighted its importance in 
plasmid maintenance. In the construction of the pMTL cloning vectors 
the high copy number of the pUC series of plasmids was explained and 
exploited in the expression vectors constructed. Although, the pMTL 
vectors were specifically designed to be nic~. experimental evidence 
was obtained that clearly demonstrated that the pUC plasmids were also 
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in size and carry more extensive polylinker regions within the lacZ ' gene. The vectors pMTL20 and pMTL21 
carry six additional sites (Aatll, Mtul. Nco\, Bgtll, Xhol and SnrI) to those present in pUC18 and pUC19, 
while pMTL22 and -23 possess eleven new cloning sites (Aatll, M lul, Ncol, BglII, Xhol.Stul, Noel, 
EcoRV, Clal, NdeI and Nrul). More importantly, the relative order of the restriction sites within the polylinker 
of these latter vectors has been totally rearranged, relative to pUC18 and pUC19, to facilitate the conversion 
of DNA fragments with incompatible ends to fragments with compatible termini. The availability of such DNA 
fragments is a crucial requirement when M 13 templates are generated for dideoxy sequencing by the sonication 
procedure. Derivatives of these vectors have also been constructed which demonstrate improved segregational 
stability by incorporation of the pSClOl par locus. During the construction of these new vectors data were 
obtained which demonstrated that the pUC and pMTL plasmids contain a previously unreported single base 
pair difference within the RNA I/RNA II region (compared to pBR322) responsible for a three-fold increase 
in plasmid copy number. The pUC and pMTL plasmids were also shown to be functionally nic ~, thus affording 
the lowest categorisation in genetic manipulation experiments.
Correspondence to Dr. N.P. Minton, Head of Molecular Genel- 1000 bp; iacZpo. promoter and operator of the lac operon; Mob.
ice. Division of Biotechnology. PHLS Centre for Applied Micro- mobilnalion. nt. nucleotide! s), oligo. ol.godeotynucleotide. par.
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SUMMARY
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INTRODUCTION
The pUC series of plasmids are high-copy-number 
cloning vectors which offer a wide range of unique 
cloning sites combined with a simple means of 
recombinant selection (Vieira and Messing, 1982). 
The linker region carrying the multiple cloning sites 
lies within the la cZ gene (encoding N-terminaJ 
aa 1-143). The functional polypeptide produced 
complements a defective lacZ gene (missing 
aa 11-41) carried by the host genome (i.e., 
Escherichia coti JM83) or resident episome (i.e., 
E. co/iJMlOl). Colonies carrying plasmid DNA are 
therefore blue in the presence of the chromogenic 
substrate XGal. DNA fragments cloned into the 
linker region cause insertional inactivation of lacZ' 
resulting in colourless (white) colonies in the pres­
ence of XGal.
In this study we have sought to increase the utility 
of these vectors, primarily by the provision of a more 
extensive range of polylinker regions, but at the same 
time we have effected the reconstruction of the vector 
backbone. The relative orders of the restriction sites 
within the polylinkers have been designed to aid the 
conversion of cloned fragments with dissimilar co­
hesive ends into compatible termini. Such a con­
version allows self-ligation of the DNA fragment, an 
essential first step in the generation of random M13 
templates by the sonication procedure (Deininger, 
1983). Reconstruction of the vector backbone was 
undertaken for three reasons. First, we wished to 
remove restriction sites from the vector which we 
proposed to add to the poly linker region. Second, we 
wished to make our vector unequivocally nic ' , thus 
affording the lowest ACGM categorisation in genetic 
manipulation experiments. Plasmids which lack a 
functional nic site cannot be mobilised, even in the 
presence of irons acting mobilisation proteins. Fi­
nally. we wished to investigate the reasons for the
observed (Minton. 1984) high copy number of the 
pUC plasmids (300-700 copies per cell) relative to 
pAT153 (150 copies per cell).
MATERIALS AND METHODS
Restriction endonucleases, T4 DNA ligase, calf 
intestinal alkaline phosphatase, and Pollk were pur­
chases from BCL, and T4 DNA polymerase. T4 
polynucleotide kinase and p(JC8 plasmid DNA 
from BRL. (*-,2P)dATP was obtained from Amers- 
ham International Ltd. Oligodeoxynucleotides were 
synthesised by solid phase synthesis using phosphite 
triester method (Atkinson and Smith. 1984) with an 
Applied Biosystems 380A DNA synthesiser. Plas­
mid DNA isolation, transformation and M13 manip­
ulations have been previously described (Minton 
et al., 1986a). Compilation of nucleotide sequencing 
data was undertaken using the computer software of 
DNASTAR Inc.. Madison. WI.
EXPERIMENTAL AND DISCUSSION 
(■) Construction of the pMTL backbone
The principal desirable features of the proposed 
vector were that it should carry an identical deletion 
to that present in pAT153 (i.e., the two contiguous 
Haell-B and HaeII-G fragments of pBR322. carry­
ing rop and the nk/bom site; Twigg and Sherrat, 
1980) and that the new restriction sites to be inserted 
into the linker region should not occur within the 
vector backbone (e.g.. A a ill and AMrl, nt positions 
65 and 2499 respectively in pUC19). The simplest 
way of achieving these aims was to reconstruct the
had alto loti an StkX tile (2297) Tht Pul and HtocXX titat within the Ap gene of pMTL2 were removed by subttmmng (he 1.44-kb 
7o«l fragment of the vector with the equivalent region ofpUCS. yielding pMTLJ The final ttep required was to remove the AaiXX. Eco Rl 
and HUtdill met of the vector Although this would have been rnott easily achieved by deleting the DNA between the AaiXX (4216) 
and froRV (115) met. we wished to retain the latter me for Allure manipulation* The pi at mid wat therefore cleaved with A «/II. 
blunt-ended with T4 polymer ate, cut with Rm I. ligated and transformed into E. cot JMI3 A recombinant plat mid. pMTL4. wat selected 
which had lost 23»-bp of DNA between the AaiXX me and the Riel (164) adjacent to the froRV me To create the final vector*, the 
approx 540-bp Ha*II fragment carrying the lacZ polylinker region wat inserted into the indicated Ha*II tile, tuch that transcription 
from the lac promoter was from the lame DNA strand as the Ap gene The different polylinker regions inserted are indicated in Fig 3 
The pMTLT vectors were constructed by inserting a 3«S-bp EcoRl fragment (blunt-ended with Pollk) into the ffcoRV site at described 
in EXPERIMENTAL AND DISCUSSION, section*.
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pUC and pMTL backbones. The region of pBR322 deleted to 
yield pATIS3 is indicated within the circle, the pBR322 ONA 
utilised in the construction of the pUC backbone <pUR222; 
Ruthcr et al.. 1980) is illustrated by a dashed line outside of the 
circle, while the pBR322 DNA present in pMTL/4 is represented 
by the bold line. The Hat 11 site at which the MI3 derived 
lacZ' polylmker region was inserted into the pMTL and pUC 
backbones is lugh-l.ghted by a wavy wow.
pUC backbone utilising pBR322 as a starting point. 
Details of the strategy employed are outlined in 
Fig. 1. The final prototype vector. pMTL4 was 
smaller than the equivalent pUC vector (by 293 bp). 
The exact relationships between pBR322, pAT153 
and the pMTL and pUC backbones are illustrated 
in Fig. 2.
(b) Derivation of novel linker regions
Novel polylinker regions were derived by inserting 
complementary pairs of annealed oligos into the 
appropriate restriction sites of M13mpl8 and 
M  13mpl9. Recombinant clones were detected using 
the appropriate oligo as a radiolabelled probe and 
their authenticity was confirmed by nucleotide se­
quencing. The new polylinker region, together with 
the x-peptide and lacZ'po, was isolated from M13 
RF DNA as an approx. 550-bp HaeII fragment and 
inserted into pMTL4 at the indicated HaeII site 
(Fig. 2). Recombinant clones were detected by their 
blue colouration on agar plates containing XGal. 
The orientation of insertion of the HaeII fragment 
was determined by digestion with BglI.
The polylinker regions of pMTL20 and pMTL21 
were generated using the oligos illustrated in Table I 
(A and B), inserted between the Sail and Pstl sites 
of M13mpl8 and M13mpl9. They therefore carry 
unique sites for Aatll, M hil. Ncol, BglII, Xhol and 
Stul, in addition to those present in pUC18 and 
pUC19. Two complementary pairs of oligos (C/D, 
and E/F; Table I) were used to generate the poly- 
linkers of pMTL22 and pMTL23, by their insertion 
between the £coRI and H ind lll sites of M13mpl8 
and M13mpl9. The plasmid pMTL26 carried the 
same DNA insert as pMTL22 except that the second 
pair of oligos (E and F, Table I) was inserted in the 
opposite orientation. An equivalent version of 
pMTL23 was not obtained as the polylinker gener­
ated resulted in translational stop codons within the
TABLE I
Oligonucleotides used in the construction of novel polylinker regions
Oligodec
20/21 (A) 5 -TCGACGTCACGCGTCCATGGAGATCTCGAGOCCTGCA-3
(B) 5 -OOCCTCOAGATCTCCATGOACGCOTOACO- J
22/23/26 (C) J -AOCTCGCGAGGCCTCGAGATCTATCGATGCATGCCATGGTACCCGOGAOCTCG-3
(D) 5 AATTCG AGCTCCCGGGT ACCATGOCATOCATCG AT AG ATCTCG AGGCCTCOCG-3'
(E) 5 -AATTCTAGAAGCTTCTGCAGACGCGTCGACGTCATATGGATCCGATATCOCCOOC-3
(F) J -AATTGCCOGCGATATCOGATCCATATGACGTCGACGCGTCTOCAGAAGCTTCTAO-3 *
* The final polyluiker generated is indicated in Fig. 3.
A to F. Their insertion into the vector-borne facZ' is described in RESULTS,

lacZ' gene. Vectors carrying these polylinker regions 
possess eleven additional cloning sites (A a tll, Mlul, 
Ncol. Bglll. Xhol. Sail. N atl. EcoRV. Ctol. Ndtl. 
and Nrul) to those present in p(JC18 and pUC19. 
More importantly, the relative order of the sites has 
been rearranged. Although the previously available 
pUC polylinker regions have proved extremely 
valuable (Yanisch-Perron et al.. 1985), the rigidity of 
the relative order of the sites imposes limits on the 
choice of restriction enzymes that can be used to 
reisolate the cloned DNA. This is particularly frus­
trating in the case of the two commonly used sites at 
the extremes of the linker region. Eco RI and Hin dill. 
DNA fragments cloned into these sites may only be 
excised by subsequent digestion with these restric­
tion enzymes, either singularly or in combination 
with another enzyme. The new order of sites in the 
pMTL vectors largely overcomes the above limi­
tations.
The vectors pMTL24 and 25 carry the polylinkers 
of pMTL20 and pMTL21 followed by an inverted 
pUC 18 and pUC 19 polylinker region. These particu­
lar polylinkers should prove useful in converting a 
cloned DNA fragment from one type sticky/blunt 
end to another, and complement those polylinkers 
already available in the pIC scries of plasmids 
(Marsh et al.. 1984). The complete range of poly- 
I miter regions available in the pMTL senes of vectors 
are shown in Fig. 3.
(C) Insertion of the pSOOl par determinant
Previous studies (e.g., Skogman et al.. 1983; 
Zunta et al.. 1984) have demonstrated that the scgre- 
gational stability of cloning vectors may be enhanced 
by provision of partition functions. The nucleotide 
sequence of a 375-bp EcoRl-Aval fragment carrying 
the partition function (par) of the plasmid pSClOl 
has previously been determined (Miller et al.. 1983). 
The strategy utilised in the construction of the 
pMTL4 backbone had ensured the existence of a 
unique EcoRV cloning site into which additional 
DNA fragments could be inserted without impair­
ment of essential plasmid functions. The plasmids 
pMTL20 and pMTL21 were therefore cleaved with 
froRV and the pSCIOI par locus inserted as a 
blunt-ended 380-bp froRI fragment (derived from 
the above EcoRl-Aval fragment by addition of an 
fceRI linker). The resultant vectors were designated
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pMTL20P and pMTL21P. Deletion derivatives of 
these two vectors were then obtained by deleting the 
350-bp Pvwll fragment carrying the polylinker/lacZ' 
region and the equivalent PvuII fragments from 
pMTL 18. -19. -22. -23. -24. -25 and -26 inserted to 
yield pMTL18P. -19P, -22P, -23P, -24P. -25P. and 
-26P. An important consequence of these manipu­
lations was that by destroying the backbone fcoRV 
site, the £coRV site of the pMTL22P, -23P and -26P 
polylinkers became unique.
To confirm that the presence of par improved the 
segregational stability of the pMTL plasmids, com­
parative experiments were undertaken with pUC8, 
pMTL20 and pMTL20P. The stability of the three 
plasmids in E. coti JM83 was quantitatively assessed 
in a steady-state chemostat population by monitor­
ing the level of Ap-resistant cells. Under conditions 
of carbon limitation no segregational instability was 
exhibited by any of the plasmids. Under the more 
stringent conditions of phosphate limitation. pUC8 
and pMTL20 were lost from the population after 
IS generations. In contrast, no detectable loss of 
pMTL20P within the population was observed over 
a period of 100 generations (Fig. 4).
Fig 4 Segregation al »lability of pUCS. pMTL20 and pMTL20P 
The E cot hou used was 1M8J Call» ware grown under phos­
phate nutnent-luniung condition» in a non-teleclivc medium at 
a dilution rate of 0.1/h. Cell» carrying pUCS. pMTL20 and 
pMTL20P are indicated by O. □  and ■ . respectively
US
(4) Mobilisation frequencies of the pUC and pMTL 
plasmids
The plasmid pBR322 lacks the genes coding for 
proteins involved in mobilisation and is therefore 
inefficiently mobilised by large conjugative plasmids 
such as F. The presence of the site at which these 
proteins act, the nic/bom site, enables pBR322 to be 
efficiently mobilised if Mob proteins are supplied in 
irons, i.e., from a co-resident plasmid such as ColK 
(Finnegan and Sherrat, 1982). Accordingly, the 
ACGM have assigned pBR322 an access factor of 
10"*, when used in an especially disabled E. coli 
host. The plastnid pAT153 does not carTy the 
nic/bom site, cannot be mobilised if Mob proteins are 
supplied in irons, and has therefore been awarded a 
lower access factor of 10 " 9. The pUC plasmids were 
previously assigned an identical access factor to 
pBR322 (10 “ *), presumably on the assumption that 
their mobilisation could be effected by mz/v-acting 
Mob proteins.
The construction of the pMTL plasmids was 
designed to ensure that an equivalent deletion to that 
present in pAT153 was introduced into the pBR322 
derived DNA. The plasmids should therefore be
TABLE II
Plasmid* Mobilisation frequency* 
from JC2926 R64eWll(pLVC9]
pBR322 0.9 x I0-*
PAT153 J.l x IO-‘
pBR328 2.1 x 10-*
pUCI 4.2 x I0-*
pUCT 6.7 x 1 0 »
pMTL20 3.6 x I0-*
pMTL2l 4.1 x I0-*
pMTL22 2.1 x I0-*
pMTL23 S.S x I0-*
• Cloning vector mobilised.
* Mobilisation frequency n.»pressed as frequency of Ap* trans-
previously described filler mating technique (Minton etal..
I9S3), using .  R if  mutant of E cot WJIIO. Tha donor »trim 
¡C292b came» the conjugal mobilises RtAdrdll and plasmid 
pLVCT Thu latter plasmid was kindly supplied by Dr. OJ. 
Warren, and carries the PIJA replicón (Chang and Cohen. 
1978». I he ColEI mob region (but me ) and encodes resistance
unequivocally nic/bom ~ and could be awarded an 
ACGM access factor of 10 " 9. Confirmation that the 
pMTL plasmids were not mobilised even when Mob 
proteins were supplied in irons was obtained experi­
mentally (Table II). It was apparent, however, that 
the pUC plasmids were not mobilised under the 
same experimental conditions. The nic/bom site is 
known to lie adjacent to the Accl site (Covamibias 
etal., 1981) at nt 2245 of pBR322. The recently 
determined nucleotide sequence of pUC18 
(Yanisch-Perron et al., 1985) demonstrated that the 
nic/bom site of the vector was almost totally de­
stroyed during removal of the -4ccl site (Vieira and 
Messing, 1982). On the basis of our findings the 
ACGM have now reassigned the access factor of the 
pUC plasmids to 10“*. when used in an especially 
disabled E. coU host.
(e) Copy number of the pUC and pMTL plasmids
The copy number of ColEl and its derivative plas­
mid pBR322 is negatively regulated by two different 
gene products (see Scott, 1984). Regulation is medi­
ated through both the RNA I molecule and the Rop 
(Rom) polypeptide. RNA I is a small untranslated 
RNA molecule encoded within the DNA region that 
is used to transcribe the RNA preprimer (RNA II) 
utilised as the primer in DNA replication. Because 
RNA I is complementary to RNA II the two are 
suggested to hybridise, an event which should inter- 
fer with RNA II’s role in the initiation of replication. 
The Rop protein is believed to facilitate this inter­
action (Tomizawa and Som, 1984). The higher copy 
number of pAT153 (150 copies per cell), compared 
to pBR322 (50 copies per cell) is explained on the 
basis of deletion of DNA which encodes the Rop 
protein (Twigg and Sherrat, 1980). The pUC plas­
mids have also effectively deleted the rop gene, how­
ever. data obtained in our laboratory have shown 
that the copy number of these vectors is considerably 
higher (500-700 copies per cell) than pAT153, and 
cannot be explained by the deletion of rop alone.
The strategy utilised in the construction of pMTL4 
was designed to test our supposition that some other 
factor, besides deletion of rop contributes to the high 
copy number of the pUC plasmids. To remove the 
Pst\ and H in d i sites from pMTL2 we elected to 
substitute the 1.44-kb Taql fragment carrying the 
RNA I/RNA II region with the equivalent regionto Cm.
A.I 1 I Ifc.1 ' t —  l 1.11 laa«l
“sssfr
«jmcoTfifiS^r
CTOOOCTOTOl
¡rrroLjr it.
fOTCOTCT«»TOCOCU IC I TTTTTTCCTAOAOTT.
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Fig. 5. The complete nucleotide sequence of pMTUOP OeoersUoa af random template! by the looicauon procedure and nucinoude 
sequencing methodology ha vs been previously described (Minton at aL, l9S6e) The iliuatraind lequeocc begun at the 4th atof the ffeell 
site at position 0 of the pMTUO map dluatrated in Fig I Unlike pUC>. the ImeZ' polypeptide termmates immediately after Una ffeell 
me |nt 2*52). The boundanea of the maenad DNA derived from the pSCIOI par fragment are indicated by two vertical daahas. while 
the underlined sequences a. bands within this region are the parti non-related segments idsntifled by Tucker el aL (19*4). The pomtioo 
at which DNA waa deleted from between the Anil I and Xsel sites of pBRJ22 (i.e.. danng thecoostrocooe of pMTL4; Fig. I) la nsthcnled 
by an upward arrow. The single bp difference between pBRJ22 and pMTL (and the pUC plaanude) is represented by a lower-case g 
above the sequence at nt position IOM. The single-letter aa cods is used far the 3-peptide and 0-lactamase proteins, with each an symbol 
positioned beneath the 2nd nt of the relevant codon The translational Slop codon of Ufa and lecZ is indicated by an asterisk It should 
be noted that translation aflacZ' will not terminals at the indicated UAO codon ai rupf hosts (is.. £ cot JMI3 and JMIOI). but at 
the nonsense UOA codon wiUun the per fragment at nt 2741. The posusoa at which initiation of DNA synthesis occur, during plasmid 
replication u marked by T)ngm' The poeitaon el which the RNA II pnmer initiates a indicated by a curved arrow Processing of this 
primer occurs el the Origin. The transcriptional start pout of RNA I IS also tnthcalsd by a curved arrow. The dutaJ enaot of this 
tranacnpl is shown by a horizontal arrowed line.
TABLE III
Copy
■•«ail Sin (kb) raw  a m ig f
pBR322 4.34 J7± 3
pATI 53 361 150 i  15
pUCS 2.72 495 t 20
pMTL2 2.23 197 ± 17
PMTL3 2.25 63* t  14
pMTL20 147 630 t 10
• All plasmids were maintained m C oot JMI3 (Vieira and 
Messing. 1912). The extern of pBR322-derived DNA in plasmids 
pAT15), pUCS and pMTUO is indscatad in Fig. 2- The denva- 
tion of pMTL2 and pMTLJ is shown in Fig. I.
sitomcter scanning of whole-cell lysates (Pro) an et el.. 19*3) end 
are expressed as plasmid copies par catt.
from pUCS, to yield pMTLJ (Fig. 1). Copy number 
determination! on ceils carrying pMTL2 and 
pMTL3 (Table III) clearly indicated that the copy 
number of the plasmid carrying the pUC-dertvod 
repbeon (pMTL3, 638 copies per cell) wax signifi­
cantly higher than the plasmid canying the pBR322- 
denved replicon (pMTL2; 197 copies per cell). The 
most obvious cause of such an increase would be a 
mutation within the RNA I/RNA II region o f the 
plasmid The recently determined nucleotide se­
quence of pUC18 (Yanisch-Perron et al.. 1983) 
implied no such difference from the pBR322 se­
quence (Sutcliffe, 1979). However, when the com­
plete nucleotide sequence of pMTL20P was deter­
mined, a single G-to-A substitution was discovered 
immediately preceding the 3' end of the RNA I cod­
ing region (Fig. 3). This single base change repre­
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sents the only difference between p M T L 2  an d  
p M T L 3 .
T h e re  are a  num ber o f reasons why the base 
cha ng e  identified causes a n  increase in p lasm id co py 
num ber. T h e  sim plest explanation would be that the 
level o f  R N A  I  transcription has been reduced, how ­
ever. a s  a com plem entary change has occurred w ith in  
R N A  I I  the po ssibility cannot be ruled out that it  is  
the C - t o - T  base change w ithin the R N A  I I  tran scrip t 
w h ic h  causes the observed copy-num ber in crease. 
A lth ou g h other studies have shown that D N A  
m eth ylau o n can regulate D N A  replication (S m ith  
et a l..  19 8 5; Putten et a l.. 1986), there appear to be 
no  specific sequences present w hich are know n to be 
acted upon by either adenosine o r cytosine m ethyl- 
transferases. Indeed the p lasm id p M T L 3  still ex­
h ib ite d  a  three-fold higher copy number than p M T L 2  
in  both a  dam and a  dem E. cod hosts (not show n).
(f) Application of the pMTL rectors to the somI- 
cation procedure
R a p id  nucleotide sequencing o f D N A  fragments 
b y  the dideoxy procedure is  dependent on the prio r 
g eneration o f  a  set o f  M 13  templates carrying ra ndo m  
D N A  subfragments representative o f the region to be 
sequenced. O ne pa rticu larly  effective way o f  generat­
in g  such  templates is  by the sonication procedure 
de scribe d  by Deininger (1983). A  crucial require­
m ent o f  this procedure is  that the fragment to be 
sequenced must be circu larised  by self-ligauon prio r 
to  fragm entation. It follow s that the D N A  fragment 
m ust have com patible ends. T h e  vectors p M T L 2 2 . 
p M T L 2 3  and p M T L 2 6  were specifically designed to 
a id  in  the conversion o f  D N A  fragments w ith in co m ­
pa tib le  ends to fragments with compatible term ini. 
T h u s , dependent o n  the site o f insertion, cloned 
D N A  m ay be excised by d ouble digestion with either 
BamHXlBglll, SalllXHol. Clal/Accl, or  co m b in a­
tio n s  o f Nrul-Stul/EcoRV-Nael (p M T L 2 2  and 
p M T L 2 3  o nly), and c ircu larised  by self-ligation. T h is  
strategy has been successfully employed in this labo­
ra to ry  to  sequence tw o Pstl-H lndlll fragments o f the 
Clostridium butvneum plasm id p C B I0 2  (M in to n  
et a l..  1986b), a  1.8 5 -k b  Pvul\-Taq\ fragment c a rry ­
in g  p a rt o f the gene encoding the type A  neurotoxin 
o f ( '  hoiulinum ( D .E .  T hom pson. J .K . Brehm. J D . 
O u ltra m  and N .P .M ., unpublished data) and a
2 .2 -k b  Spbl-Scal fragm ent carrying the E. cod mdh 
gene ( D . N ic h o lls , perso na l com m unication).
T h e  vectors p M T L 2 4  and p M T L 2 5  present still 
further opportunities for ensuring that D N A  frag­
m ents possess self-co m p atib le  ends. In  both cases 
D N A  fragments w h ic h  ca rry  different term ini com ­
patible with an y tw o o f  the six sites Aatll, Mtul, 
Ncol. Bglll, Xhol a n d  5 < u l m ay be cloned an d  sub­
sequently excised b y  digestion with either E c o R l,  
SslI ,  Kptil, Smal, Bam  H I .  XbaI, Sail or Acci in  the 
case o f  p M T L 2 4 . an d  w ith HindUl, Spbl o r Pstl in  
the case  o f p M T L 2 5 . In  addition, D N A  fragments 
w ith one term inus co m p atib le  w ith the above s ix  sites 
and the other co m p atib le  with any o f the ad d itional 
sites present in  the p M T L 2 4  and p M T L 2 5  linker 
m a y also  be converted to a  D N A  fragment with 
com patib le ends. T h u s  in  the case o f p M T L 2 4  the 
second c lo ning site used co u ld  be either Spbl, Pstl 
or H lnd lll w ith subsequent excision by digestion 
w ith either EcoR l, Ssll, Kpn I .  S m a l. fla m  H I ,  Xbal, 
Sail o r Accl, w hile the use o f  the above sites as 
secondary c lo ning o r excisio n sites w ould be reversed 
in  the case o f p M T L 2 5 .  T h e  poly linkers o f  the 
analogous p I C  p la sm id s  m ay also  be used in  this 
m anner (M arsh  et a l..  1984).
T h e  a v a ila b ility  o f  the vectors with and without 
par has im portant im plica tion s with regard to the 
o verall s u e  o f  the p la sm id . O ccasio nally  the excised 
cloned D N A  fragm ent ha s an identical electro­
phoretic m obility to the linearised vector. T h is  can 
present problem s w hen preparing jig  quantities o f  the 
cloned D N A  by electroeiution. as is  the case in  the 
sonication procedure. In  the m ajority o f cases, i f  a  
cloned fragment com igrates with the linearised 
p M T L  vector, then separation w ill be achieved with 
the corresponding p M T L  P ' plasm id , o r vice  versa.
(g) < ooclusions
T h e  series o f p M T L  vectors constructed retain all 
the advantages o f the p U C  p lasm id s but are sm aller 
(by 300 bp), exhibit im proved  plasm id stability, and 
possess more versa tile  po ly linker regions. Both 
series o f plasm id s are function ally niclbom * . a llo w ­
in g the lowest categorisation in genetic m anipulation 
experiments, and c a rry  a  single base change w ithin 
their p B R 3 2 2 -d e n v e d  rep licatio n regions resulting in 
a three-fold in crease in  copy num ber These vectors
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are currently being u sed as the basis o f  universal 
expression system s.
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NOTE ADDED IN PROOF
Recent studies at the Institut P asteur by T .  
G a m ie r  and S .T .  C o le  c le arly dem onstrate that in 
vitro R N A I  t ra n sc r ip ts  produced using p U C 1 8  tem­
plate D N A  were 3  nt sm aller than the equivalent 
transcript from p B R 3 2 2 . It  is  therefore lik e ly  that the 
G  to A  substitution indentified in  this s tudy alters the 
position at w h ich in it ia tio n  o f R N A  I  transcription 
occurs.
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Plasmid pMTL153: a high copy number version o f pAT153
and its use to obtain high expression
o f the P seudom onas carboxypeptidase G2 gene
Sieve P . Cham bers, Sue E . P rio r, R a c h e ll A . Evans, Roger F . Sherwood, and N igel P . M inton
Molecular Generic« Group. Division of Biotechnology, Centre for Applied Microbiology and Research. Ponon Down. Salisbury. 
Wiltshire. SP4 OJG. UK
Sum mary. H ig h  level expression ( 2 7 %  o f  the cells 
soluble  protein) o f the po te ntia lly  im po rtan t ther­
apeutic enzym e carboxypeptid ase G ,  ( C P G }) has 
been achieved by p lac ing  the e n c o d in g  gene un­
der the transcriptional control o f  the E.coii lac 
promoter a n d  using a high co py n u m b e r version 
o f the p lasm id  p A T 15 3 . T h e  h ig h  co p y  num ber 
vector, p M T L 1 5 3 , was co nstructed b y  replacing 
the rep licatio n regio n o f p A T ! 5 3  w ith  the e q uiva l­
ent regio n from  p U C 8 . T h e  re su lta n t 3 -fo ld  in ­
crease in  copy num ber was d u e to  a  previously 
unreported nucleotide substitution in  the R N A  1/ 
R N A  I I  region o f p U C  plasm id s. E v id e n c e  is  also 
presented that production o f  ^ - la c ta m a se  from  the 
vector encoded bla gene d ra m a t ic a lly  reduces the 
levels o f the pe rip lasm ically  lo c a te d  C P G 2 prod­
uct. Substitution o f the vector bla  gene w ith tel 
(n o n -p e rip lasm ic  gene product) re su lte d  in  a sig­
nificant increase in  the levels o f  C P G ,  obtained. 
T h is  find in g  m ay be relevant to th e  e xp ression o f 
other secreted heterologous pro te ins
latroductioa
The Pseudomonas derived e nzym e carb o xyp e p ti­
dase G j  ( C P G j)  belongs to a c la ss  o f  enzymes 
w hich hydro lyze the C -te rm in a l g lu ta m a te  moiety 
from fo lic  a c id  and its analogs (S h e rw o o d  et al.
1985). T h e  key ro le o f reduced fo la te s  as co -en­
zymes in  m any b iochem ical p a th w a ys has led to 
the fo lic  a c id  m olecule becom ing a  p r im e  target in 
cancer chem otherapy (Bertino et a l. 19 7 1). Folate 
depletio n has most com m only be en ach ie ve d  us­
in g the fo lic  a c id  antagonist m ethotrexate to in h i­
bit d ih yd ro fo late reductase ( B le y c r  19 78 ), but may
Offprint rtpuetu to Nigel P Minion
also  be achieved d ire ctly  using the carboxypepti­
dase G  class o f  enzym es (K a lg h a tg i and Bertino 
1981). In  ad dition, these enzym es m ay be used in  
rescue therapy fo llo w ing  hig h-d o se methotrexate 
regim es (C h abn er et al. 1972). M o re  recently an 
a n tib o d y -C P G 2 conjugate has been show n to be 
cytotoxic to a cho rio carcino m a c e ll lin e  in  vitro 
(Searie et al. 1986), a n d  to be selectively targeted 
to tum our tissue in  a  cho rio carc ino m a xenograft 
in  nude m ice (M elton et a l. 1986). T h e  potential o f 
C P G j  in  cancer chem otherapy ha s brought fo r­
ward the requirement fo r large quantities o f p u r if­
ied protein for experim ental and c lin ic a l testing.
Recom binant D N A  m ethodology has meant 
that high level pro d uc tion  o f scarce, but therapeu­
t ic a lly  im portant proteins, is  most often achieved 
b y  c lo n in g  the encoding gene a n d  d irecting its 
high expression in  a  foreign host, most com m only 
Escherichia coli. A c c o rd in g ly  the gene encoding 
C P G 2 (cpg)  has been clo ne d , its entire nucleotide 
sequence determ ined, and the mature protein 
show n to reside in  the p e rip la sm ic  space o f both 
E.coii and Pseudomonas puiida (M in to n  et al. 
1983; M inton et al. 1984).
Num erous factors are know n to efTect yields 
o f  recom binant proteins, in c lu d in g  p lasm id  copy 
num ber, tra n scn p tio n a l/tra n sla t io n a l efficiency, 
and product lo calisatio n, sta b ility  and lethality 
w ith in  the cell. In  the present study we ad d itio n­
a lly  show that choice o f  the a n tib io tic  resistance 
gene carried by the recom binant p la sm id  vector, 
can sign ific antly  affect the level o f  recom binant 
protein attained. S p e c if ic a lly , the use o f plasm id 
vectors carrying the ^-lactam ase gene (bla), as op­
posed to the tetracycline resistance gene (ref), d ra­
m atically  reduces the am ounts o f  C P G j  product 
measured.
W e also describe the construction o f a  high 
co p y num ber d erivative o f p la sm id  p A T I 3 3  w hich
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incorporates a previou sly  undescribed co p y n u m ­
ber m utation from w ith in  the R N A  l / R N A  I I  re­
gion o f p U C  p lasm id s. Recom binant p la sm id s  
based on th is  new vector, p M T L I5 3 , fa c ilita te d  
high level expression o f  C P G j.
M aterials and methods
Baciena and plasmids The Escherichia coli «train JMI3 (Vieira 
and Melting 19(2) was u»ed ai (he hoei in (he conunieiion of 
all recombinant plasmids Plaimidi utilised were pUCS (Vieira 
and Mailing 1912), pATIS) iTwigg and Sherrill I9S0), 
pBR322 (Bolivar et al. 1977), pNMJ2 (Gilbert et al I9MI and 
pNMIJ (Minion and Clarke 19(5). CPG, repression nudici 
were undertaken in the EcoH strain RV30S tgalJOB rpsL ihn
tg of 10 g tryptone. 5 g yi
»tract, and 5 g NaCI per litre. pH 7.2. L agar was composed 
of LB medium solidified with 2% agar. The presence of the 
CPG, was detected using M9 minimal medium (Miller 1972) 
supplemented with 0.1% folk acid and 0.5% glucose as pre­
viously described (Minion et al. 1913). Selection for plasmid 
maintenance was imposed by incorporation of ampictllin (100 
Mg/ml) or tetracyline (IS ug/ml) into the medium. Espreiaion 
studies were conducted in 2XYT liquid medium (16 g trypton. 
10 g yeast »tract. S g NaCI) I litre batch cultures were inocu­
lated to an OO 4M of 005 and shaken al 37*C for 6 hours 
Cells harvested at this point were previously shown to be pro­
ducing maximal levels of CPO, (Minion et si.. 1903). For iso­
propyl 0-r-thiogalactopyranoside (IPTG) induction, cultures 
were grown to an OD.w of 0.4 and IPTG added to a final con­
centration of I mM Thereafter. IS ml aliquots were removed 
at hourly intervals for estimation of CPG, activity and total
Recombinant DU A techniques Plasmid DNA isolation and 
transformation procedures were undertaken as previously de­
scribed (Minion el ai. 19(3) Restriction enzymes and T4 ligase 
were purchased from Bcthesda Research Laboraloncs and 
used under the conditions specified by (he supplier. Agarose 
gel electrophoresis was earned out using s horizontal electro­
phoresis apparatus supplied by Biorad (model H4. Biorad. 
Richmond. USA) Copy number estimations were performed 
on total cell lysates by densitometnc scanning according to the 
method of Proian et al. (1913). Copy number is defined as the 
number of plasmid copies per cell.
Determination ot carbosvpeptidase G, activity The 50 ml sam­
ples removed from batch cultures were cooled on ice for 15 
mm. centnfuged at 13.000 g for 10 min. and the cells resus­
pended in 5 ml of 0 IM Tnt-hydrochlonde (pH 7.3» contain­
ing 0 2 mM ZnSO. The cells were disrupted with a MSE Ul­
trasonic Disintegrator (20 kc/t. 2 amps) for three 30 s intervals 
on ice. Cell debns was removed by centnfugalion al 10.000 g 
for 5 min and CPG, activity estimated as previously described 
i Minton et al 19(31 One unit represents (he hydrolysis of I 
umol of methotrexate per min at 37*C. Total protein was esti­
mated by the Bicinchonmic acid protein assay I Pierce Chemi­
cal Company. Rockford. USA).
Quantitative estimation uf *s soluble protein Analysis of the 
cell's total soluble protein was performed on SDS'polyacryl­
amide gels I12%) as described by Laemmli 11970). LB cultures
were grown to an OD.se of 2.0 and the cells from a 0.5 ml 
aliquot recovered by centnfugation 110.000 g for 5 min). Har­
vested cells were washed in phosphate bulTer and resuspended 
in 100 ul of solubilising solution <0 2M Tns-hydrochlondc. pH 
6.1, 15% glycerol. 2% SDS. 2% mcrcaptoethanol. I.5H bromo- 
phenol blue) Samples were then sonicated (20 k/s, 2 ampsi 
for 5 s and boiled for 5 min. Insoluble material was removed 
by centnfugation at 10.000 g for 10 min and the supernatant 
loaded onto a 12% SDS-polyacrylamide slab gel in the pres­
ence of 0. IH SDS. The percentage of heterologous protein was 
estimated by scanning the Coo mass is blue stained gel with a 
Joyce Loebl Scanning Densitometer.
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Expression o f  CPG, from  the lac promoter o f  
pUC8
Previous studies (M in to n  et ol. 1983) had d em on­
strated that the re com binant p la sm id  p N M 2 l,  
constructed b y  in se rting  a  3 .1 M .d a l B glll frag­
ment ca rry in g  cpg in to  the Bam H I  site  o f  p lasm id 
p A T I 5 3 . d irected  the expression o f C P G ]  to be­
tween I H  a n d  2 .5 H  o f  the cells' so lub le  protein. 
T h is  re latively h ig h  level o f expression (com pared 
to the native prom oter. 0 .1H )  was due to tran­
scrip tio nal read thro ugh from  the prom oter o f  the 
upstream  lei gene. Subsequently, a  sm a lle r ver­
s io n  o f  p N M 2 !  was constructed by lo ca lis in g  the 
gene to a 2.03 kb  0 a m H I fragment (M in to n  and 
C la r k e  1983). T h is  new  p lasm id , p N M IS , effec­
tiv e ly  la cked I kb  o f  extraneous D N A  between 
the in it ia tio n  co d o n o f  the C P G ]  gene and the lei 
promoter. T h e  level o f  C P G }  expression directed 
by p N M  15. how ever, was equivalent to that ob­
tained w ith p N M 2 l (T a b le  I). In  term s o f  its a b il­
ity  to d irect the exp ression  o f heterologous genes, 
the lei prom oter m ay be considered o f  “m oder-
TaMt I. CPG, expression level»
K. coll strain Copy number* ( PG, as % total
RV30S (pBR322> 57*3 ND
RVJOi (pATI53) 150* 13 ND
RVJ0S (pMTLIJS) 631*12 ND
RV30« ipUCI) MS ± 14 ND
RV30S lpNM2l) I4S *  11 I S
RV30S IpCPMI) $2*6 2.3
RV30S lpCPM2) 152* 12 7 1
RV30S <pCPM3 ) 630*10 26 9
Copy number determinations were undertaken as de­
scribed in Methods
Estimation of % total soluble protein was performed by 
densitometnc scanning ol cell extracts on SDS-polyacryl- 
amide gels I see Methods I
A]
B]
ate” strength. O n e  w ay to im prove o n  the level o f 
cpg expression w o u ld  be to use a "strong” pro­
moter such as that o f  the E.coii lac operon.
The 2 kb  fla m  H I  fragment carry ing  cpg was 
iso lated from p N M 1 5 , ligated to f la m H I cut 
p U C 8  D N A , transform ed into  E.coii JM 8 3  and 
transform ants selected o n  M 9 m in im a l m edium  
supplem ented w ith A p  (10 0  p g /m l) an d  0 .1 H  ( w / 
v) fo lic  acid. C lo n e s  ca rry in g  recom binant plas­
m ids in  w hich the C P G ,  gene was b e ing tran­
scrib ed  from the vector lac prom oter (ia. 
pN M 8 3 0 . Fig . IA )  were re a d ily  ide ntifie d  by the 
appearance o f concentric rings o f precip itated 
pteroic acid  around in d iv id u a l colonies (M into n 
et a l. 1983). W hen suc h  clones were restreaked 
onto L  agar the ba cteria l growth produced was o f 
an atyp ica l nature, b e ing consistently less than ex­
pected from the in o c u lu m  used w h ile  in d iv id u a l 
co lo n ies had an am orph ou s appearance. I f  these 
colonies were then stabbed into a p prop ria te ly  
supplem ented M 9  m in im a l agar co ntain in g  O .IH  
folate, precip itatio n o f pteroate was seen around 
the stab w ith in  2 h . lo ng before ba cteria l growth 
was v is ib le  to the na ke d  eye. C u lt iv a tio n  o f  these 
c lone s in  liq u id  m ed iu m  was characterised by a 
considerable  la g phase (2  to 3 h) and the levels o f 
C P G ,  attained were extrem ely va ria ble  (O .IH  to 
1.0 H  c e ll so lub le  protein). T h e  highest y ie ld s  ob­
served were lo w er than those previously o b u in e d  
(M in to n  et al. 1983) w hen expression was from 
the promoter o f the let gene (2 .5 H  c e ll soluble 
protein). E xa m ina tio n  o f  the p lasm id content o f 
stationary phase cells  in d ica te d  that deleted forms 
o f the recom binant p la sm id  had arisen.
S. P Chamben cl *1.: High expression of carboxypeptidase G,
Regulation o f  the lac promoter
O n e  interpretation o f  these observations was that 
the level o f e xp ression o f  C P G ,  d irected by 
p N M 8 3 0  was so high as to dra stica lly  efTect the 
ph ysio lo g ica l cha racteristics  o f the host cell. 
These effects m anifest them selves as a  reduction 
in  c e ll v a ria b ility  and grow th rate, and a tendency 
fo r p lasm id in stab ility . Attempts to c u ltu re  cells  
ca rry in g  p N M 8 3 0  w ould result in  the outgrowth 
o f cells  carry ing  deleted form s o f the p la sm id  and 
consequently low  pro duction levels o f  C P G ,.  
H ig h  expression w ould be a  consequence o f  two 
factors, the relatively hig h  copy num ber o f p U C 8  
1600-700 copies per ce ll), and the relative strength 
o f  the lac promoter. O ne w ay to a lleviate the ef­
fects o f the latter w o u ld  be to repress tran scrip ­
tion from the lac prom oter du ring  early stages o f 
growth and then "sw itch o n ” tran scrip tion with
an ap propria te in ducer. S u c h  a n  experiment was 
undertaken by in tro d ucing  a  co m p a tib le  p lasm id 
carry ing  the la d 9 gene. p N M 5 2  (G ilb e rt  et al.
1986), into  the ce ll w ith p N M 8 3 0 . The cells  were 
then grow n to m id -lo g  p h a se  a n d  in duction o f 
C P G ,  expression e lic ite d  b y  the ad dition o f 
IP T G . T h e  results are illu str a te d  in  Fig . 2, and 
show that. 6 h  after the a d d it io n  o f in d ucer the 
level o f C P G ,  attained rep resented  3.23k o f the 
cells' so lub le  protein, w ith a n  in d ic a tio n  that co n­
tinued  grow th w ould have re s u lte d  in  even higher 
levels o f expression. T h is  e xp e rim e n t confirm ed 
that p N M 8 3 0  directed the e x p re s sio n  o f higher 
levels o f  C P G ,  than p N M 2 1 / p N M 1 5 ,  but re­
qu ire d  the exertion o f re g u la to ry  control o f tran­
scrip tio n  from  the lac p ro m o te r d u rin g  the early 
stages o f  growth.
S7J
Expression o f  CPC,  from the lac promoter using 
lower copy number plasmids
A lth ou g h higher, more c o n s is te n t, y ie ld s  o f  C P G ,  
m ay be obtained when tight re g u la to ry  control o f 
the lac prom oter is  a p p lie d , u s in g  IP T G , such a 
strategy w ould be p ro h ib it iv e  o n  the large scale 
d u e to the h ig h  cost o f th is  g r a tu ito u s  in ducer. In  
o rd e r to reduce the m eta bo lic stress on the ce ll by
Fit. 2. IPTG Induction of CFO,. Culture* of E.coii RVJ0S 
carrying plasmid* pNMIJO and pNM32 ware grown in the 
pretence or absence of IPTG. and the level of CPGi activity 
monuered Experimental detail* are given in Mtthodj The 
CPG, activity and the optical denatty at 450 nm attained by 
cell* induced with IPTG are represented by a and a respective- 
lv Analogous values for uninduced cells ate represented by a
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alternative m eans, we elected to construct a re­
com binant p lasm id  w ith a  low er copy num ber. A  
10 -fo ld  reduction on p U C 8  m ay be most s im p ly  
ach ieved by u tilis in g  p B R 3 2 2  (50 copies per cell). 
A  new recom binant p la sm id  was constructed by 
iso latin g  the C P G 2 gene from  pN M 8 3 0 , together 
w ith the lac promoter, as a  2.33 kb / V u l l  fragment 
an d  inserting it  between the S e a l an d  £ c o R I 
(blunt-ended w ith KJenow  polym erase) sites o f 
p B R 3 2 2  (F ig . IB ) . T h e  resultant p lasm id 
( p C P M I)  carried , therefore, a function al let gene 
as the selectable m arker rather than the bla gene. 
Insertional in activatio n  o f  the bla gene as o p­
posed to the lei gene was preferred as there is  now 
an in creasing requirem ent by regualtory and l i ­
censing authorities to a v o id  the use o f  recom bi­
nant plasm id s encod ing 0 -lactam ase in  the large 
scale  production o f  hu m an therapeutic agents. 
C e lls  carrying p C P M I exh ib ite d  im proved growth 
cha racteristics and an im proved  level (2 .3 H  cells 
so lub le  protein) o f  synthesis o f C P G 2 (T a b le  1). 
com pared to c e lls  c a rry in g  p N M 8 30.
•w
Fla. 3. Copy number mutation present in the pUC repiicon 
The illustrated sequence is that of the pUC plasmids (and 
pMTLISJ). The copy nucleotide difference is shown in lower 
case la), and the nucleotide present at the equivalent position in 
pBRJ22 is shown above the sequence (G). Numbering em­
ployed is that of pBR322 (Baibas et al. 1986). the base differ­
ence occurring at position 2977 (1308 in pUCI9; Yanisch-Per 
ron et al. 1985). The transcriptional initiation start sites of 
RNA I and RNA II arc also illustrated, and their respective 
promoter regions ( — 35 and -10 sequences). Studies under­
taken at Ihc Institute Pasteur by S. Cole and T. Gamier have 
now shown that the RNA I transcript derived from pUCI9 it 3 
bp smaller in size than the equivalent transcript from pBR322
Construction o f  a high copy number version o f  
pATISS
H a v in g  attained m oderate y ie ld s  o f C P G j  using 
a n  unregulated lac prom oter on a  low er copy 
num ber p lasm id  we determ ined how successive 
in creases in  copy num ber w o u ld  effect expression 
levels. A n  analogous p la sm id  to p C P M I was co n­
structed, but using  the p la sm id  p A T I S 3  (15 0  co­
pies per cell). C e lls  c a rry in g  the resultant p lasm id . 
p C P M 2 . exh ib ited im proved  y ie ld s  o f  C P G j  (T a ­
b le  I) , without an y d isc e m a b le  effect o n ce ll v ia ­
b ility . The increase in  le v e l o f  expression over 
p C P M I (3 -fo ld ) was consistent w ith the d iffe r­
ence in  copy num ber between the two p lasm id s. A  
further recom binant p la sm id  was constructed us­
in g  p M T L I5 3 .
T h e  clo n ing  vector p M T L I5 3  is  a  m odified 
version o f p lasm id p A T I 5 3  w h ich has a co m p ara­
b le  copy num ber to p U C 8  (6 0 0-700 copies per 
cell). T h e  increase in  co p y num ber was achieved 
b y  substituting the 1.37 kb  Scal/NspH  fragment 
o f  p A T !5 3  carry ing  C o lE I  rep licatio n  functions 
w ith the equivalent region from  p U C 8  (F ig . 1C ). 
T h e  ensuing copy num ber increase is  due to the 
presence o f a s ingle  base d ifference w ith in the re­
p lica tion  regions o f p B R 3 2 2 /p A T I 5 3  and p U C 8 . 
A  pre lim inary report on th is  G  to A  substitution 
(F ig . 3), im m ed iately preceeding R N A  I. has a l­
ready appeared (C h a m b e rs  et al. 1988). The exis­
tence o f  this copy num ber m utation w ith in p U C
Fig. 4. SDS-polvacrvlamide gel electrophoresis of total cellu­
lar proteins Samples of EtoU RV308 cells carrying vanous 
plasmids were prepared at described in Methods Lanes I. 
protein size markers. 2. pUC8; 3. pNM2l: 4. pCPMI: 5, 
pCPM2. 6. pCPMJ The arrow indicates the position of over­
produced CPGi
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plasm id s was not in d ica te d  in  the recently p u b­
lished sequence o f p la sm id  p U C I9  (Y a n is c h -P e r- 
ron et al. 1985), a n d  is  now known to effect the 
size o f the R N A  I tran scrip t produced (S . T .  C o le  
and T . G a m ie r, pe rso na l co m m unication.). C e lls  
carry ing  the new recom binant p lasm id , p C P M 3 , 
produced u p  to 26 .9 H  o f  their cell so lub le  protein 
as C P G j  (T a b le  1), com pared to 7 .I S  b y  p C P M 2 . 
T h is  in crease c o u ld  be d irectly attributed to the 
hig her copy num ber o f  p C P M 3  relative to p C P M 2  
(3 -fo ld  higher). A n  S D S -p o ly a c ry la m id e  gel o f  e x­
tracts from  E.coli R V 3 0 8  cells carrying  the va rio u s 
recom binant p la sm id s  is  illustrated in  F ig . 4.
Co aclu sio a
T h e  experim ents undertaken in  this study have 
show n that problem s encountered w ith ce ll v ia b il­
ity  an d  p la sm id  s ta b ility  when a  gene is  clone d 
into an e xp ression vector are not ju s t  a conse­
quence o f  the h ig h  expression o f  that gene. T h e  
plasm id s p N M 8 3 0  a n d  p C P M 3  are re m arkably  
s im ila r  both in  th e ir co p y num ber an d  the pro­
moter u tilise d  to e lic it  h ig h  expression o f  C P G j.  
T h e ir  p r in c ip a l d iffe re nc e  resides in  the vector en­
coded a n tib io tic  resistance gene. It is  apparent 
that h ig h, unregulated expression o f  C P G j  (ie. 
c e lls  ca rry in g  p N M 8 3 0 ) couple d with synthesis o f 
^-lactam ase is  detrim ental to cell growth a n d  v ia ­
b ility . Su ch  a s itu atio n  m ay arise if  the ce ll is  u n a ­
b le  to fu lly  export the high levels o f C P G j  being 
produced. T h e  presence o f cyto pla sm ic C P G ; 
co u ld  then cause in tra c e llu la r folate dep letio n. It 
is  tempting to specula te that as both proteins are 
transported to the p e rip la sm ic  space o f  E.coii. 
their com bined h ig h  expression overlo ad s the 
protein export m a c h in e ry  o f the cell, resultin g in  
the deleterious presence o f  C P G j  in  the cyto­
plasm . Inde ed, as it  is  gen erally believed that p ro ­
tein export thro ugh the cytoplasm ic m em brane 
o ccurs at sp e cia lise d  sites (see R a n d a ll et al.
1987), the two pro teins m ight be in  d irect co m p e­
titio n  fo r translocation.
A  com p ara ble  s itu atio n  does not o ccu r when 
the resistance gene em plo yed  is  lei rather than bla. 
T h is  appears not to be a consequence o f  lo w er e x­
pression o f  the lei pro tein relative to P-lactam ase. 
as both proteins were expressed at s im ila r  levels 
(data not show n). A lth o u g h  nucleotide sequenc­
in g has dem onstrated the presence o f  a  typ ical 
signal peptide at the S' end o f the let gene (Peden 
1983), its gene pro d uc t is  not an exported protein 
but has been found to be associated w ith the cyto ­
plasm ic  m em brane ( T a i l  and Boyer 1978). "Pius
competition between C P G j  and the lei protein fo r 
lo calisation beyond the cytoplasm ic membrane 
does not occur.
The observations m ade in  this study have im ­
portant im plica tions with regard to the choice o f 
plasm id vector u tilised for high expression o f re­
combinant genes encoding exported proteins. 
C u rre ntly, the bla gene is the most frequently used 
resistance gene in  the m any a vailab le  E.coli ex­
pressions vectors (Pouw els et al. 1985). Its pres­
ence m ay in  part account fo r previous observa­
tions o f la ck o f cell v ia b ility  and lo w  production 
levels. In  the future it m ay be more advantageous 
to u tilise  plasm id expression vectors c arry ing  
non-exported resistance gene products (eg. T c '. 
C m ', and ic in') when the recom binant protein o f 
interest is  being secreted through the cytoplasm ic 
membrane. In  this respect C m ' an d  K m ’ genes 
m ay prove to be preferable to lei, as  the latter has 
been shown to efTect the reproductive fitness o f 
E.coti ce lls  (W han Lee and E d lin  1985). New ex­
pression vectors are currently under construction 
in  this laboratory w hich carry va rio u s promoter 
systems and offer a choice o f a n tib iotic  resistance 
gene.
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